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DESCRIPTION 
PLASMA-GENERATION POWER-SUPPLY DEVICE 
Techmcal Field 

[0001] The present invention relates to a power-supply device for use in generation of 
5 plasma, and particularly to a power-supply device for use in plasma generation with an 
ozonizer, flat-plate light source, laser oscillator, and the like. 
Background Art 

[0002] In a discharge system called dielectric barrier discharge or silent discharge, an 
alternating voltage is applied to oppositely placed electrodes with the high-potential 
10 electrode covered with a dielectric, so as to cause a discharge. This type of discharge is 
used in a wide variety of industrial applications that utilize chemical reactions with 
plasmas, because the discharge does not change to an arc and the electron temperature is 
stably kept high. 

[0003] A particularly typical application thereof is that to ozonizers or ozone 
15 generating apparatuses, and so the dielectric barrier discharge is sometimes called 
ozonizer discharge. Other apparatuses that utilize this type of discharge include 
flat-plate light sources, carbon dioxide gas lasers, plasma displays, and the like. In 
particular, the electric operating region of flat-plate light soxirces is the closest to that of 
ozonizers* 

20 [0004] Such ozone generating apparatuses and laser oscillators require power-supply 
devices for plasma generation. An example of such a plasma-generation power-supply 
device is disclosed in FIG. 12 of Patent Document L The structure of this example 
includes a discharging load in which a dielectric is interposed between a pair of 
oppositely placed electrodes to form a gas region serving as a discharging space, and the 

25 gas in this discharging space is excited to generate a plasma. The structure also includes 
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a parallel inductor connected in parallel with the discharging load to improve the power 
factor. Electric power is supplied jfrom an alternating-current power-supply to the 
discharging load through a rectifier, an inverter, and a transformer, 

[0005] Its operation will be described next A commercial alternating voltage from 
5 the input power-supply is converted to a direct voltage by the rectifier^ and further 
converted to an altemating voltage of a given frequency by the inverter. It is then 
boosted by the transformer to a voltage that starts discharge, and the high voltage is thus 
applied to the discharging load. The applied high voltage causes a discharge in the 
discharging load and the discharge excites gas particles. 

10 [0006] Now, seen from an electric standpoint, the discharging load in which a 
dielectric is interposed between the di^harging electrodes, i.e., the load using the 
dielectric barrier discharge, serves as a capacitor, and it is known that the current is 
advanced in phase with respect to the voltage. Accordingly, the power factor, expressed 
as a ratio between apparent power and active power, is low, and applying energy to the 

15 discharging load requires application of more current than necessary, 

[0007] Therefore, the elements forming the transformer and the inverter need 
specifications capable of withstanding such current value, which leads to large-sizing and 
increased costs of the power-supply device. 

[0008] The parallel inductor is cormected as a phase delay component in parallel with 
20 the discharging load, in order to compensate for the lead of the current phase with respect 
to the voltage in the discharging load, and the lead of the current phase in the discharging 
load and the delay of the current phase by the parallel inductor are set equal to each other 
so that the phases of cxirrent and voltage supplied from the power-supply device match 
each other, which allows efficient application of power to the discharging load with 
25 minimum current. When individual components are ideal ones, then the power factor is 
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100% and a condition called resonance occurs. 

[0009] In this way, in the conventional plasma-generation power-supply, the parallel 
inductor is connected in parallel with the discharging load to improve the power factor, so 
that the power-supply device can be smaller-sized and lower-priced with smaller-capacity 
5 power-supply elements. 

[0010] Patent Document 1: Japanese Patent Application Laid-Open No. 2001-35693 

(FIG. 12). 

[001 1] The load of such an apparatus using dielectric barrier discharge is characterized 
in that the electrostatic capacity of the load dynamically varies depending on whether the 

10 load is discharging or not. This is closely related to the design of the circuit for driving 
it, and Patent Document 1 mentioned above achieves the circuit design by representing 
the electrostatic capacity of the load with a value between an electrostatic capacity in no 
discharging and an electrostatic capacity in discharging, or with a representative 
electrostatic capacity in operation. 

15 [0012] However, the representative electrostatic capacity in the operating state varies 
depending on the waveform condition, and the power applied to the ozonizer chiefly 
depends on the peak value of the voltage waveform. The representative electrostatic 
capacity in the operating state therefore depends also on the power applied to the ozonizer. 
This means that the resonance condition between the discharging load and the circuitry 

20 varies when the applied power is varied. 

[0013] Patent Document 1 describes a method in which the resonance condition is set 
within a certain range, specifically between the electrostatic capacity in the 
non-discharging state and the electrostatic capacity in the discharging state, mentioning 
reasons that the resonance varies with a variation of the load, that the operation becomes 

25 sensitive at the resonance point, etc. This is certainly an effective method, but is 
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disadvantageous when the capacity of the power-supply is to be minimized by making the 
power factor as high as possible when maximum power is applied and the power 
dissipation of the power-supply becomes maximum. 

[0014] Also, the load may vary or the circuit constant may somewhat deviate. There 

5 is no guarantee that the load can be driven most suitably in such cases. 

[0015] Also, even if the electrostatic capacity of the discharging load is strictly 
constant, the resonance condition depends on the applied power and therefore adjusting 
the applied power inevitably varies the resonance condition, and the driving condition 
deviates from the most suitable state. 

10 [0016] Furthermore, when the maximum rated power is being applied and the load is 
driven with a high power factor in the vicinity of the resonance point, decreasing the 
applied power makes the control of the power-supply or discharge unstable. No 
measures have conventionally been taken against this phenomenon, and it is not even 
clear for what physical reasons this phenomenon occurs. 

1 5 Disclosure of the Invention 

[0017] The present invention has been made to solve the above problems, and an 
object of the invention is to provide a plasma-generation power-supply device that is 
capable of drivmg with a power factor as high as possible under a maximum rated 
condition and of keeping stable operation even when the applied power is varied. 

20 [0018] According to a first aspect of the invention, a plasma-generation power-supply 
device that drives a discharging load that generates a plasma comprises an 
alternating-current power-supply that supplies power to said discharging load, and a 
controller that is capable of controlling the frequency of an alternating output of said 
altemating-cmTent power-supply, and said controller provides control to vary the 

25 power-supply frequency of said alternating-current power-supply in accordance with a 



target applied power to said discharging load. 

[0019] According to the plasma-generation power-supply device, the controller 
provides control to vary the power-supply frequency of the alternating-current 
power-supply in accordance with the target applied power to the discharging load. 
5 Accordingly, when the maximum rated power is applied, the frequency of the 
altemating-cxirrent power-supply is set close to the resonant frequency of the load to 
achieve driving operation with a high power factor, so that the capacity of the 
alternating-current power-supply can be reduced, and the frequency is set higher when the 
applied power is smaller, so as to achieve stable control of the discharge. 

10 [0020] According to a second aspect of the present invention, a plasma-generation 
power-supply device that drives a discharging load that generates a plasma comprises an 
aitemating-ctirrent power-supply that supplies power to said discharging load, a variable 
passive element that varies the circuit constant of a circuit provided on the output side of 
said alternating-current power-supply and including said discharging load, and a 

15 controller that variably controls said variable passive element, and said controller variably 
controls said variable passive element in accordance with a target applied power to said 
discharging load. 

[0021] According to the plasma-generation power-supply device, the controller 
variably controls the variable passive element that varies the circuit constant, according to 
20 the target applied power to the discharging load, whereby the target power can be applied 
to the discharging load, 

[0022] According to a third aspect of the present invention, a plasma-generation 
power-supply device that drives a discharging load that generates a plasma comprises an 
alternating-current power-supply that supplies power to said discharging load, and 
25 resonance means that causes the alternating voltage outputted from said 
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alternating-current power-supply to jump by resonance and applies the jump voltage as a 
load voltage to said discharging load, and said ahemating-current power-supply is 
connected electrically directly to said resonance means. 

[0023] According to the plasma-generation power-supply device, the 
5 alternating-current power-supply is connected electrically directly to the resonance means, 
and the output voltage of the alternating-current power-supply is made to jump by 
resonance and given to the discharging load, which eliminates a need for, e.g., an 
expensive high-jfrequency transformer, and allows cost reduction, 

[0024] These and other objects, features, aspects and advantages of the present 
10 invention will become more apparent from the following detailed description of the 
present invention when taken in conjunction with the accompanying drawings. 
Brief Description of the Drawings 

[0025] [FIG. 1] A diagram illustrating the basic configuration of a plasma-generation 
power-supply device according to a preferred embodiment of the present invention. 
15 [FIG, 2] A diagram showing a voltage waveform of an inverter. 

[FIG. 3] A diagram showing variations of voltage applied to an ozonizer. 
[FIG. 4] A diagram illustrating the configuration of a plasma-generation 
power-supply device according to the preferred embodiment of the invention. 

[FIG, 5] A diagram illustrating the control operation by a controller. 
20 [FIG. 6] A diagram showing a modification of the configuration the preferred 

embodiment of the invention, 

[FIG. 7] A diagram showing a modification of the configuration of the 
preferred embodiment of the invention* 

[FIG. 8] A diagram showing a modification of the configuration of the 
25 preferred embodiment of the invention. 



[FIG. 9] A diagram showing a modification of the configuration of the 
preferred embodiment of the invention. 

[FIG. 10] A diagram illustrating the structure of an ozonizer. 

[FIG. 11] A diagram showing distributions of discharge maintaining voltage 
5 caused by a varying gap interval of the ozonizer. 

[FIG. 12] A diagram used to explain the stability of discharge with distributed 
discharge maintaining voltage. 

[FIG. 13] A diagram used to explain the stability of discharge with distributed 
discharge maintaining voltage. 
10 [FIG, 14] A diagram showing an equivalent circuit of a discharging load 

utilizing dielectric barrier discharge* 

[FIG. 15] A diagram showing a relation between inverter output waveform and 
discharge power. 

[FIG. 16] A diagram illustrating a relation between discharge power and 
15 jSrequency for achieving stable controL 

[FIG. 17] A diagram showing the results of a simulation about inverter's 
current and voltage waveforms in a stable control region. 

[FIG, 18] A diagram showing the results of a simulation about inverter's 
current and voltage waveforms in the stable control region. 
20 [FIG. 19] A diagram used to d^cribe methods of feedback control of the 

inverter. 

[FIG. 20] A diagram showing a relation among load voltage, power-supply 
voltage, and jump rate. 

[FIG. 21] A diagram showing a relation l^tween power-supply voltage and 

25 jump rate. 



[FIG. 22] A diagram showing a relation between minimum values of the jxmip 
rate and electrostatic capacities. 

[FIG. 23] A diagram illxistrating the configuration of an inverter having two 
stages of inverter blocks. 
5 [FIG. 24] A diagram illustrating the configuration of an inverter having four 

stages of inverter blocks. 

[FIG. 25] A diagram showing an example of an output waveform of the inverter 
having four stages of inverter blocks. 

[FIG, 26] A diagram illustrating the configuration of an inverter, 
10 [FIG. 27] A timing chart illustrating an example of a method for controlling the 

inverter. 

[FIG. 28] A timing chart illustrating a method of controlling the inverter, where 
the power dissipations in the semiconductor elements are averaged. 

[FIG. 29] A timing chart illustrating a method of controlling the inverter, where 
15 the power dissipations in the semiconductor elements are averaged. 

[FIG. 30] A timmg chart illustrating a method of controlling the inverter, where 
the power dissipations in the semiconductor elements are averaged. 

[FIG. 31] A diagram showing an example of the configuration of an inverter. 
[FIG. 32] A timing chart illustrating a method of controlling the switching 
20 elements of the inverter. 

Best Mode for Carrying Out the Invention 
[0026] < 1 . Introduction> 

<1-1. Basic Operation> 

First, a plasma-generation power-supply device 90 having a simplified 
25 configuration will be described referring to FIGS. 1 to 3, in order to describe the basic 
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operation of the power-supply device according to a first preferred embodiment of the 
present invention. 

[0027] As shown in FIG. 1, the plasma-generation power-supply device 90 includes a 
transformer TR connected to an alternating-current power-supply PS as a power source, a 
6 rectifier RE connected to the transformer TR, an inverter IV (alternating-current 
power-supply) connected to the rectifier RE, and a reactor FL (resonance means) inserted 
m series in the power line of an ozonizer 1 that is supplied with power from the inverter 
rv. The inverter TV is connected electrically directly to the reactor FL. Connecting the 
inverter TV electrically directly to the reactor FL means that the output of the inverter IV 

10 is connected to the reactor FL not through magnetic transmission means such as a 
transformer^ but through electric transmission means such as an interconnection line. 
[0028] In the ozonizer 1, a pair of electrodes are placed oppositely, with a dielectric 
interposed between them, to form a gas region as a discharge space, and the gas in the 
discharge space is excited to generate an ozone plasma, 

15 [0029] In the plasma-generation power-supply device 90, the alternating-current power 
supplied from the alternating-current power-supply PS is adjusted to a desired voltage in 
the transformer TR, and rectified in the rectifier RE to provide a direct voltage supply. 
[0030] The dkcct voltage supplied from the rectifier RE is converted in the inverter IV 
to an altemating voltage of a certain frequency and given directly to the reactor FL, and 

20 the voltage at the two electrodes of the ozonizer 1 is made much higher than the inverter 
output because of the resonance of the reactor FL and the electrostatic capacity of the 
ozonizer 1 . 

[003 1] With this stmcture, the voltage input to the inverter IV is made sufficiently high, 
and a high voltage, to be applied to the ozonizer 1, is obtained at the two electrodes of the 
25 ozonizer 1. Providing the transfomier TR preceding the rectifier RE allows a cost 
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reduction of the entire power-supply device. 

[0032] Now, FIG. 2 shows a voltage waveform at the output of a full-bridge inverter. 

FIG. 2 shows the inverter's bus voltage as Vd. 

[0033] When the power dissipation of the inverter is sufficiently small, the output 
5 exhibits a rectangular waveform and its power-supply frequency f and duty, i.e., 
power-supply control ratio d, characterize the operation of the inverter. 
[0034] When the frequency is f, the duration of one cycle is given as 1/f. Since the 
dielectric barrier discharge is altemating-current-driven, the positive pulse width and the 
negative pulse width are controlled to be equal as long as there is no special reason, in 

10 which case one pulse width is d/f72. 

[0035] During operation of an inverter, the applied power is generally controlled by 
varying the duty, with the frequency kept constant. This is called pulse width control or 
PWM (Pulse Width Modulation). For example, when the applied current to the load is 
controlled to be constant, a feedback control is applied by increasing/decreasing the duty 

15 by PWM so that the applied cxxrrent value remains constant, 
[0036] <l-2. Stability of Discharge> 

Next, the stability of discharge will be described. In general, in a 
plasma-generation power-supply device, the current or power is controlled to be constant 
by feedback-controlling, e.g., the current given to the discharging load. This scheme is 

20 effective while the power consumption of the discharging load remains relatively stable. 
However, when the discharging load is unstable and its power varies with a very short 
time constant, then the feedback control (which generally has sufficiently slower response 
than the time constant of the variation of the discharge) is unable to keep the applied 
power constant but allows the applied power to vary. This phenomenon is especially 

25 noticeable when the power is small. A reason thereof will be described below. 
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[0037] Suppose that, at a certain frequency fl, the duty is set close to the maximum 
value, e.g., at 0.8, the circuit elements are set close to the resonance condition, and certain 
discharge power is being obtained* In this case, suppose that the average electrostatic 
capacity of the discharging load under this discharge power condition is Cy, the resonant 
frequency of the reactor (inductance L) of the circuit is fO, and the frequency fl is 
sufficiently close to the resonant frequency fO, more accurately somewhat higher than the 
value fO of the power-supply frequency f given by Expression (1) below. 
[0038] [Expression 1] 



[0039] The average electrostatic capacity Cy of the discharging load is given by 
Expression (2) below. 
[0040] [Expression 2] 



[0041] In Expression (2) above, VOp is a peak value of the voltage applied to the load, 
V* is a discharge maintaining voltage, and Cg is an electrostatic capacity of the dielectric 
of the discharging load. 

[0042] FIG. 3 shows variations of the voltage applied to the ozonizer 1 that are 
exhibited when the discharging area varies (the discharge turns off) under this condition. 
In FIG. 3, the horizontal axis shows the ratio of discharging area and the vertical axis 
shows the voltage at the two electrode ends of the ozonizer 1, i.e., the in-gap voltage, 
where the ratio of discharging area being 1 indicates that the entire region is on, and the 
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ratio 0 indicates that the entire region is of£ 

[0043] As shown in FIG. 3, under the condition mentioned above, i.e., with the curve 
SI of f=^fl and d=0.8, the voltage rises as the discharging area ratio becomes smaller from 
1 (from the state where the entire area is on), and the voltage achieves its peak at a certain 
5 value of the discharging area ratio. After that, the voltage decreases as the discharging 

area ratio decreases. 

[0044] At the frequency &), Expression (1) holds, and the peak of resonance is at the 
right end of the graph, but, because the frequency fl is set somewhat higher than fO as 
mentioned above, the peak of the curve of d=0.8 appears between the discharging area 
10 ratios 1 and 0. 

[0045] Now, suppose that the ozonizer 1 is in a normal condition in which the 
discharge is on in the entire region and then part of it turns off for some reason. This 
means that the ratio of discharging area varies somewhat to the left from the right end of 
FIG. 3. In this case, the curve of f=fl and d^0,8 shows that the voltage becomes higher. 

15 [0046] This means that the voltage applied to the ozonizer 1 increases even when the 
discharge partially turns off, and as a result the voltage applied between the electrodes in 
the non-discharging region increases to tum on the ojEf-region again. That is, even when 
the discharge partially tums off, the circuit operates to tum it on again, i.e., a negative 
feedback works and the discharge condition is kept stable and the discharge is controlled 

20 stably. 

[0047] Next, suppose that the duty is made smaller with the frequency kept at fl to 
lower the discharge power. For example, v^th f^fl and d=0,6, the voltage at the two 
electrode ends of the ozonizer 1 varies with respect to the discharging area as shown by 
the curve S2 of f=fl and d=0.6 in FIG. 3. 
25 [0048] This curve S2 has no peak value. This is because the electrostatic capacity C7 
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of the discharging load becomes smaller as the applied power varies, and as a result the 
resonant frequency becomes higher than the frequency fl and the resonance peak does not 
appear between the discharging area ratios 1 and 0. 

[0049] As for the tendency of the curve S2, it seems that a resonance peak may appear 
5 when the discharging area ratio becomes larger than 1, but the discharging area ratio 
never comes to the right of 1 (the discharging ratio never exceeds 1), and it can be said 
that the electrostatic capacity Cy of the discharging load is larger than when the 
discharging area ratio is L 

[0050] Now, also with the curve S2, suppose that the ozonizer 1 is in a normal 
10 condition in which the discharge is on in the entire region and then part of it turns off for 
some reason. That is, when the ratio of discharging area has varied somewhat to the left 
from the right end of FIG. 3, then the voltage applied to the ozonizer 1 becomes lower as 
shown by tihie curve S2. 

[0051] This is because the curve S2 is formed of the characteristic on the left of the 
15 resonance peak of the curve SI, meaning that the circuit operates in a direction opposite 
to the variation of the load, and if the discharge partially turns off for some reason, then a 
positive feedback works and the voltage applied to the ozonizer 1 becomes lower and as a 
result the off-ai^a further increases, 

[0052] In this case, when no control is applied on the power-supply side, the discharge 
20 turns off in a chain-reaction manner and the entire region will finally turn off. In 
practice, as mentioned earlier, the discharge is prevented from completely turning off 
because it is dynamically controlled by a feedback based on the detected current, but the 
discharge cannot be stably controlled because of the above-mentioned reason related to 
the time constant of the control. 
25 [0053] Thus, it is concluded from what described above that the discharge is unstable 



when the curve in FIG, 3 has a positive slope near the right end, and the discharge can be 
stably controlled when the slope is negative. 

[0054] Now, a curve having a negative slope near the right end of FIG. 3 can be 
obtained by varying the frequency. 
5 [0055] For example, suppose that a frequency f2, still higher than the frequency fl, is 
selected. It is assumed that this frequency f2 is still higher than the resonant frequency 
that corresponds to the electrostatic edacity Cy of the discharging load that is exhibited 
with the applied power obtained when f^fl and d^0*6. 

[0056] When the duty is varied at this frequency, the power equivalent to that with 

10 f=fl and d^O.6 can be applied at the duty d=0.4. 

[0057] In this case, as the discharging area varies, the voltage of the two electrode ends 
of the ozonizer 1 varies as shown by the curve S3 of f^£2 and d=0.4 in FIG, 3. 
[0058] The curve S3 simply decreases from the discharging area ratio 0 to 1, and it 
seems that a resonance peak may appear when the discharging area ratio becomes smaller 

15 than 0. However, because the discharging area ratio cannot be on the left of 0 (the 
discharge ratio can never be smaller than 0), and it can be said that the electrostatic 
capacity Cy of the discharging load is smaller than when the discharging area ratio is 0. 
[0059] Thus, it is seen that the curve h^ the shape on the left of the resonance peak 
throughout the entire discharging area ratio from 0 to 1, and it has a negative slope and 

20 allows stable control. 

[0060] Then, £2 is selected as the power-supply frequency and the duty is increased 
from the condition f^f2 and d=0.4. It is thought that a stable driving condition will be 
obtained even when the duty is varied, because increasing the duty increases the 
electrostatic capacity Cy of the discharging load and lowers the resonant frequency, and 

25 also because the frequency f2 is sufficiently high. 
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[0061] In this case, as the discharging area varies^ the voltage at the two electrode ends 
of the ozonizer 1 varies as shown by the curve S4 of f==f2 and d=0.8 in FIG, 3, 
[0062] The curve S4, like the curve S3, simply decreases from the discharging area 
ratio 0 to 1 and has a negative slope near the right end, which means that the condition 
5 allows stable control. However, the voltage value at the right end is much lower than 
that under the maximum rated condition mentioned first, i.e., much lower than the value 
with j^fl and d=0.8* This means that the applied power is low, i.e., sufficient power 
cannot be applied at this frequency even when the duty is maximized. 
[0063] It will be possible to apply the target power at the frequency f2 if the bus 
10 voltage of the inverter is increased. However, this means increasing the breakdown 
voltage and power-supply capacity of the inverter, leading to increased costs of the 
inverter. 

[0064] Thus, it is concluded that, when the power-supply frequency is fl , the inverter's 
power-supply capacity can be reduced because the device is driven with a high power 

15 factor when the maximum power is applied, but the discharge becomes unstable when the 
power is lowered. On the other hand, with the power-supply frequency f2, the control 
remains stable in the entire region even when the power is varied^ but the power factor at 
the maximum power is low and so the inverter's power-supply capacity must be large and 
the costs are increased* 

20 [0065] <2. Configuration of the Device> 

On the basis of the conclusion above, the inventors have developed a 
power-supply device that works stably in the entire power range while allowing smaller 
inverter capacity. The configuration of a plasma-generation power-supply device 100 of 
a first preferred embodiment of the invention will be described referring to FIG. 4. 

25 [0066] As shown in FIG. 4, the plasma-generation power-supply device 100 includes a 



16 

controller CT for controlling the inverter IV, and the controller CT has a current detector 
DT that detects the ctirrent flowing to the ozonizer 1 to provide control to keep the power 
applied to the ozonizer 1 constant. The same components as those of the 
plasma-generation power-supply device 90 of FIG. 1 are shown at the same reference 
5 characters and are not descrihed here again, 

[0067] This control scheme is effective because the power of an ozonizer is generally 
proportional to the current, but, when a load other than an ozonizer is used or when more 
precise control is desired, the structure may be configured to measure the voltage at the 
two ends of the load in addition to the flowing current. 
10 [0068] <3, Operation of the Device> 

<3-l . Outline of Control Operation> 

Next, the outline of the control operation by the controller CT will be 
described, 

[0069] On the basis of the current flowing to the ozonizer 1 detected by the ctirrent 
15 detector DT, the controller CT controls the inverter IV to achieve frequency and duty 
most suitable for the resonance condition of the load. 

[0070] For example, the controller CT varies the fi^equency (f) of the inverter IV to 
obtain a value most suitable for the target power applied to the load (target applied 
power), and the controller CT measures the current to the load and provides a feedback 
20 control by increasing/decreasing the duty according to the measurement, so as to achieve 
the ^plication of accurate target applied power, 

[0071] Alternatively, the duty is fixed or limited in a certain range for the target 
applied power, and the frequency is adjusted finely. 

[0072] With this control scheme that varies the frequency according to the applied 
25 power to the load, when the maximum rated power is applied, the inverter's frequency is 
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set close to the resonant frequency of the load to achieve a driving operation with a high 
power factor J so that the inverter's capacity can be reduced, and the frequency is set 
higher when the applied power is lowered, so as to achieve a stable driving operation. 
When the applied power is smalU the frequency is varied such that the power factor is 
5 lowered, but there is no need for increased capacity of the inverter because the applied 
power is small. 

[0073] <3-2* Specific Example of Control Operation> 

NoWj a specific example of the control operation by the controller CT will be 
described referring to FIG. 5, 
10 [0074] ha FIG* 5, the horizontal axis shows the power-supply frequency (f) of the 
inverter IV and the vertical axis shows power applied to the load, and FIG. 5 shows how 
the applied power to the load varies when the frequency is varied, when the duty is 
maximum and when it is around 50%. 

[0075] As the power-supply frequency comes closer to the resonance point, the voltage 
15 jumps and the applied power attains its maximum near the resonance pointy and then the 
applied power becomes smaller as the frequency varies away from the resonance point. 
FIG, 5 clearly shows this tendency, and it is seen that the degree of the voltage jump 
varies as the power-supply fi^uency varies. The same tendency is exhibited also when 
the vertical axis shows the voltage peak value at the both ends of the load, 
20 [0076] The frequency corresponding to the peak applied power value in FIG. 5 is the 
circuit's resonant frequency of that time. This is because, with the ozonizer 1, the 
applied power to the load depends on the voltage peak value at the two ends of the load. 
[0077] In FIG. 5, SU shows a frequency characteristic curve with a maximum duty, 
S12 shows a frequency characteristic curve with a duty of about 50%^ fll shows the 
25 frequency of resonance with the maximum duty, and fl2 shows the frequency of 
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resonance with the duty of about 50%. 

[0078] As mentioned earlier, when the applied power to the ozonizer 1 is made smaller, 
the electrostatic capacity Cy becomes smaller and the resonant frequency becomes higher 
as a result. Accordingly, it is seen by comparing the characteristic curves SU and S12 
5 of FIG. 5 that the resonant frequency of the curve S12 with smaller power is higher than 
that of the curve SI L 

[0079] In FIG. 5, the curve S21 shows a characteristic curve obtained when the duty 
becomes slightly smaller than that of the maximirm duty curve Sll, and the curve S22 
shows a characteristic curve obtained when the duty becomes slightly smaller than that of 
10 the 50% duty curve S 12. 

[0080] The curves S21 and S22 are slightly shifted to the right, i.e., to higher 
frequencies, respectively from the curves Sll and SI 2, and £21 and £22 show their 
resonant frequencies, respectively. 

[0081] Now, a slight decrease in duty corresponds to a partial turn-off of the discharge. 
15 When the discharge thus partially turns off, the voltage applied to the load increases if the 
characteristic curve has a negative slope near the right end as shown by the curves SI, S3, 
and S4 of FIG. 3. 

[0082] Accordingly, at the resonant frequency £21, the voltage applied to the load is 
higher than at the resonant frequency fll, meaning that the discharge power becomes 
20 higher, 

[0083] When the discharge partially tums off while the inverter IV is operated at a 
frequency somewhat higher than the resonant frequency, then the voltage applied to the 
load becomes higher and the discharge tums on again and can be controlled stably. 
[0084] On the other hand, when the discharge partially tums off while the inverter IV 
25 is operated at a frequency somewhat lower than the resonant frequency fll, then the 
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voltage applied to the load becomes lower and the discharge becomes unstable and turns 
off in a chain-reaction manner. 

[0085] Accordingly, it is desirable for stable driving operation to opiate the inverter 
rv at a frequency higher than the resonant frequency of the load. 
5 [0086] In other words, it means it is desired that the current is delayed in phase with 
respect to the voltage at the output end of the power-supply. That is, it is desired that 
the entirety of the load including the reactor is an L-load (inductive load) seen from the 
power-supply. 

[0087] Thus, it is desirable for stable control of tlie discharge that the load seen from 
10 the power-supply output end is an L-load, i.e*, the current at the power-supply output end 

is delayed in phase with respect to the voltage. 

[0088] Causing the current to delay in phase at the power-supply ou^ut end is 
desirable independently of the value of the duty, and it is seen from FIG* 5 that the 
discharge can be stably controlled even with the duty of about 50% as long as the 

15 operation is performed at the frequency f22 that is higher than the resonant frequency fl 2, 
[0089] Now, desirably, the resonant frequencies fll and f2I have values as close as 
possible in a range where stable control is possible. This is because frequencies in the 
vicinity of the resonant frequency fl 1, more specifically, frequencies that are higher by 
5% to 10% than the resonant frequency, correspond to a region that allows operations 

20 with highest power factors, i.e., a region where the power can be most efficiently applied 
to the load and the dissipation of the power-supply can be minimized* 
[0090] Thus, raising the frequency too higher than the resonant frequency fl 1 enhances 
the stability of the discharge but lowers the power factor of the power-supply, which 
results in a need for a larger-capacity power-supply and hence increased costs of the 

25 power-supply. The capacity of the power-supply is determined by the power consumed 
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when the maximum rated power is applied, and it is therefore desirable to drive the load 
with a highest possible power factor at least when the maximum rated power is applied. 
[0091] Except when the maximum rated power is applied, enhancing the stability may 
be desirable even when the power factor is somewhat sacrificed* 
5 [0092] <4, Characteristic Effects> 

According to the plasma-generation power-supply device 100 of the first 
preferred embodiment, the frequency of the inverter IV is varied in accordance with the 
target applied power, which enables highly efficient driving operation and allows 
reduction of the power-supply capacity of the inverter, thus achieving both of cost 

10 reduction and stable control of discharge. 

[0093] Also, the frequency of the inverter is varied depending on the condition^ and it 
is therefore possible to achieve the target applied power even if the inductance value of 
the circuit including the reactor varies, by controlling the fi^equency of the inverter IV 
with the controller CT on the basis of the current flowing to the ozonizer 1 measured by 

1 5 the current detector DT. 

[0094] This means that there is no need for a very precise reactor, allowing reduction 
of costs of the reactor or reduction of costs for a highly precise reactor. 
[0095] <5. Modification 1> 

The plasma-generation power-supply device 100 of the first preferred 

20 embodiment has shown a stmcture in which the controller CT controls the inverter IV to 
achieve frequency and duty most suitable for the resonance condition of the load, on the 
basis of the flowing current to the ozonizer 1 detected by the current detector DT. 
However, varying the frequency is equivalent to controlling the relation between the 
driving waveform and the resonance point corresponding to the load condition* 

25 Accordingly, the same effect can be obtained with structures other than the structure that 
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varies the frequency, 

[0096] One example is a structure that varies the circuit constant^ and FIG. 6 shows a 
plasma-generation povsrer-supply device 100 A in which a variable reactor VL (a variable 
passive element) is inserted in series with the load (ozonizer 1). As shown in FIG. 6, the 
5 variable reactor VL is connected to a controller CTl and its inductance value can be 
varied by the controller CTl . 

[0097] Also in this structure, the variable passive element is variably controlled 
according to the target applied power to the discharging load so that the target power can 
be applied to the discharging load, 

10 [0098] The same components as those of the plasma-generation power-supply device 
100 of FIG, 4 are shown at the same reference characters and not described here again. 
[0099] By adopting this structure, the resonance point of the circuit can be varied even 
when the inverter frequency cannot be varied, and the same effect as varying the 
power-supply frequency is obtained, 

15 [01 00] <6. Modification 2> 

As to another structure that varies the circuit constant to vary the resonant 
frequency of the load, the structure as shown in FIG. 7 as a plasma-generation 
power-supply device lOOB rriay be adopted, where a variable capacitor VC (a variable 
passive element) is connected in parallel with the ozonizer 1 and its capacitance value can 

20 be varied by a controller CT2. 

[0101] The same components as those of the pl^ma-generation power-supply device 
100 of FIG. 4 are shown at the same reference characters and not described here again. 
[01 02] In both of the modification 1 and modification 2, the variable passive element is 
variably controlled so that the current at the power-supply output end is delayed in phase 

25 with respect to the voltage, whereby the discharge can be controlled stably regardless of 
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the value of the duty* 

[0103] As mentioned earlier, a problem of the conventional power-supply control 
system is due to the fact that the average electrostatic capacity Cy of the ozonizer 1 varies 
depending on the applied power. Accordingly, the capacitance of the variable capacitor 
5 VC is controlled in order to correct the variation, i.e., in order to make constant the sum 
of the average electrostatic capacity Cy of the ozonizer 1 and the capacitance of the 
variable capacitor VC^ whereby the apparent circuit constant can be kept approximately 
constant and the discharge can be controlled stably, 
[01 04] <7. Modification 3> 

10 As mentioned earlier, it is desirable for stable control of discharge that the load 

is an L-load when seen from the power-supply output end, but the entire circuit does not 
become an L-load unless some inductance component is added to the circuit, because the 
load of the dielectric barrier discharge, such as the ozonizer, is a capacitive load (C-load). 
The plasma-generation power-supply device 100 of FIG. 4 has the reactor FL connected 

15 in series vdth the load (ozonizer 1), but a reactor FLl may be connected in parallel with 
the load as shown in a plasma-generation power-supply device lOOC in FIG, 8. In this 
case, as in the plasma-generation power-supply device 100, the inverter IV is comiected 
electrically directly to the reactor FLl. The same components as those of the 
plasma-generation power-supply device 100 of FIG. 4 are shown at the same reference 

20 characters and not described again here. 

[0105] This structure, too, provides the effect that the power factor is enhanced by 
utilizing the resonance phenomenon and so the power-supply capacity of the inverter can 
be reduced. 

[0106] A structure using series resonance, like the plasma-generation power-supply 
25 device 100, is suitable for applications that require high voltage for the discharge of the 
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loadj and the use of series resonance offers the effect that the voltage required for the 
power-supply can be reduced and so the power-supply capacity of the inverter can be 
reduced. On the other hand, a structure using parallel resonance, like the 
plasma-generation power-supply device lOOC, is suitable for applications that require 
5 large current for the discharge of the load, and the use of parallel resonance offers the 
effect that the current required for the power-supply can be reduced and so the 
power-supply capacity of the inverter can be reduced 

[0107] In the plasma-generation power-supply device 100 of FIG. 4, the output voltage 
of the inverter IV is intactly applied to the load (ozonizer 1), and the discharge voltage 

10 and the discharge current of the ozonizer 1 are both large. When the discharge voltage 
is especially large, it is effective to reduce the necessary power-supply voltage by using 
series resonance* 
[0 1 08] <8. Modification 4> 

In the first preferred embodiment and its modifications 1 to 3, the output 

15 voltage of the inverter IV is given intactly to the load (ozonizer 1), but, as shown in a 
plasma-generation power-supply device lOOD in FIG. 9, a transformer TR may be 
provided foUov^ng the inverter IV in order to boost the output of titie inverter IV, In this 
case^ the alternating-current power-supply PS is connected directly to the rectifier RE. 
The same components as those of the plasma-generation power-supply device lOOC of 

20 FIG. 8 are shown at the same reference characters and not described here again. 

[0109] Since ozonizers generally require high discharge voltage,, it is necessary to 
boost the output by some means when the voltage of a common altemating-current 
power-supply PS is directly rectified. Accordingly, a structure in which the output of 
the inverter IV is boosted with the transformer TR, like the plasma-generation 

25 power-supply device lOOD, can be adopted in some cases. 
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[01 10] The plasma-generation power-supply device iOOD shows an example in which 
the reactor FLl is inserted in parallel with the load, but a reactor may be inserted in series 
with the load;, or a leakage inductance or exciting inductance occurring in the transformer 
TR may be used in place of a reactor. Also, an inductance caused by the structure, such 
5 as the intercoimection, may be used. 
[0111] <9. Modification 5> 

The first preferred embodiment and its modifications 1 to 4 have shown 
structures using an inverter as the power-supply. With inverters, it is easy to vary the 
applied power by PWM, and it is also technically easy to vary the frequency at the same 
10 time, and they are very suitable for the aim of varying the frequency according to the 
power, as is used in the present invention* 

[0112] However, the power-supply is not limited to an inverter, and the same effect as 
that obtained by varying the power-supply frequency is obtained even when a 
constant-frequency power-supply is used, in which case a structure that varies the circuit 
15 constant to vary the resonant frequency of the load is adopted as described in the 
modifications 1 and 2. 

[0113] Also, a variable-frequency power-supply that utilizes, e.g., a motor and a 
mechanical mechanism (e.g* variable-speed gears) may be used in place of an inverter or 
a constant-frequency power-supply. 

20 [0114] For example, the commercial frequency of 60Hz can be converted to another 
frequency with a structure in which a motor is rotated at the commercial frequency and a 
generator is rotated at a rate varied by a rate-changing mechanism including gears and 
belt, whereby the power generating frequency of the generator can be varied from 60 Hz. 
[0115] <1 0. Effect to Suppress Variation of Discharge Characteristic> 

25 With discharging loads like ozonizers, a phenomenon to be noticed is the 
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variation of discharge characteristic* The discussion above did not particularly take the 
discharge chareujteristic variation into consideration, but, to begin with* the discussion 
"the discharge partially turns off for some reason" is made on the assumption that the 
discharge characteristic varies, and some area is less likely to discharge and that area 
5 turns off 

[0116] Accordingly, the following description examines why the discharge 
characteristic varies and explains that the present invention is effective even when the 
discharge characteristic varies. 

[0117] First, the discharge characteristic variation will be described with the 

10 cylindrical ozonizer exemplified in FIG. 10. 

[0118] The ozonizer OZ shown in FIG. 10 includes an inner tube GE made of glass 
and plated with metal inside and an outer tube ME fomied of a metal cylinder, and the 
ozonizer OZ is referred to as a cylindrical multi-tube type ozonizer. The two tubes are 
held at a uniform interval by, e.g., a spacer not shown, but the interval between the two 

15 varies for reasons of mechanical precision. 

[01 19] FIG. 10 assxmies that the inner tube GE is somewhat inclined, and the interval 
between the inner tube GE and the outer tube ME is large in some part and it is small in 
other part. 

[0120] The interval between the electrodes, i.e., the discharge gap, affects voltage for 
20 discharge, such as the discharge maintaining voltage V*. In particular, recently, 
relatively small gap lengths (e.g., 0.4 mm) are adopted most commonly, and a varying 
gap interval exerts serious influences when the gap is this small. 

[0121] FIG. 10 assumes that the gap interval has three values, i.e., a maximum value 
MXV, an intermediate value CV, and a minimum value MNV. When the gap interval 
25 thus varies, some area discharges while other area does not discharge even when the same 
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discharge voltage (strictly, the same breakdown voltage) is applied* The area where a 
discharge occurs and is sustained corresponds to the discharging area shown in FIG. 3, 
and its ratio with respect to the entire region is the ratio of discharging area, 
[0122] Next, FIG. 11 shows distributions of the discharge maintaining voltage caused 
5 by varying gap intervals. In FIG. 11, the horizontal axis shows the discharge 
maintaining voltage and the vertical axis shows the ratio of discharging area. 
[0123] The discharge maintaining voltage is lower than the breakdown voltage. That 
is, when a discharge is once established by application of the breakdown voltage, the 
discharge is self-sustained even when the voltage is decreased. This voltage necessary 
10 to maintain the discharge is the discharge maintaining voltage, 

[0124] In FIG* 11, the distribution curve S31 shows a distribution exhibited when the 
gap interval varies slightly, and the distribution curve S32; shows a distribution exhibited 
when the gap interval varies greatly. 

[0125] The distribution curve S3 1 has a narrow distribution width and a high peak, and 
15 the distribution curve S32 has a wide distribution width and a low peak. This shows 
that, when the gap interval varies less, the discharge is sustained in a narrower voltage 
range around a certain discharge maintaining voltage, while the discharge maintaining 
voltage is distributed in a wider range when the gap interval varies more. 
[0126] Now, referring to FIGS. 12 and 13, how the stability of the discharge varies 
20 when the discharge maintaining voltage is thus distributed will be described. 

[0127] In FIGS- 12 and 13, the horizontal axis indicates the discharge maintaining 
voltage and the voltage applied to the gap (the in-gap, partial voltage of the applied 
voltage) and the vertical axis indicates the ratio of discharging area. 
[0128] FIGS, 12 and 13 show characteristic curves S41 and S51 with solid line and 
25 characteristic curves S42 and S52 with dotted line, where the characteristic curves S41 
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and S51 show the integral curves of the discharge mairttaining voltage distribution 
indicating variations of discharge, and the characteristic curves S42 and S52 show the 
characteristics of the circuit, 

[0129] The characteristic curves S42 and S52 show the variations of the applied 
5 voltage with respect to the variations of the discharging area as shown in FIG. 3, but the 
vertical and horizontal axes of FIG. 3 are exchanged in FIGS. 12 and 13, and the upper 
ends of FIGS. 12 and 13 correspond to the discharging area ratio of 100%, i.e., the right 
end of FIG, 3, 

[0130] Then, the characteristic curve S42 of FIG. 12 shows a distribution like that of 
10 iNfl and d=0.6 shown in FIG. 3, i.e,, a distribution of the discharging area ratio exhibited 
when the inverter operates at a jfrequency lower than the resonant frequency 
corresponding to the applied power, where the circuit is not a stable L-load but is a 
C-load and the discharge is not controlled stably. 

[0131] On the other hand, the characteristic curve S52 of FIG. 13 shows a distribution 
15 like that of f=f2 and d=^0*4 shown in FIG. 3, i.e., a distribution of the discharging area 
ratio exhibited when the inverter operates at a frequency higher than the resonant 
frequency corresponding to the applied power, where the circuit is a stable L-load and the 
discharge is controlled stably. 

[0132] In FIG. 12, when the intersection of the characteristic curves S41 and S42 is the 
20 operating point, it is seen from the slope of the curve S42 that a decrease in the 
discharging area ratio causes a decrease in the voltage in the gap. The decrease in the 
in-gap voltage means a decrease in the discharge maintaining voltage, and it is then seen 
from the c\u:ve S41 that the discharging area ratio decreases. The decrease in the 
discharging area ratio decreases the in-gap voltage, and then a decrease in the discharging 
25 area and a decrease in the in-gap voltage alternately occur and the discharge will finally 
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turn off or goes out in the entire area. 

[0133] On the other hand, with the characteristic curves S51 and S52 of FIG. 13, it is 
seen from the slope of the curve S52 that a decrease in the discharging area ratio increases 
the in-gap voltage. This means that the discharge turns on again even when it once turns 
6 off, which means that the discharging area is prevented from decreasing. 

[0134] In this way, while the C-load state shown in FIG. 12 indicates an unstable 
condition, the L-load state shown in FIG. 13 indicates a stable condition and also shows 
that the plasma-generation power-supply device of the invention, which provides control 
to vary the inverter frequency in accordance with the target applied power, plays an 

10 important role for stable control of the discharge. 

[0135] In FIGS. 12 and 13, the intersections as the operating points are not located at 
the top. This means that the ratio of discharge is not 100% and the discharge is off in 
some area, meaning that the gap is extremely large in some part (like MXV of FIG. 10) 
and causing a discharge in that area is very difficult. Even in such a condition, the use 

15 of the present invention enables stable controL 

[0136] Also, when the applied power is lowered, then the voltage applied to the gap 
becomes lower, and then the distribution of discharge maintaining voltage is often a 
problem to be dealt with, and the present invention is effective especially when the power 
is low. 

20 [0137] <1L Specific Example of Stable Control> 

The description above has explained about stably controlling the discharging 
load by controlling the frequency according to the target applied power value, and the 
relation between the discharge power and frequency will now be specifically described 
below. 

25 [0138] <11-L Range of Variations of Frequency and Duty> 
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First, the range of variations of frequency and duty will be described. 

[0139] FIG. 14 is a diagram illustrating an equivalent circuit of the discharging load 

utilizing dielectric barrier discharge driven at low frequencies, typical examples of which 

are ozonizers and flat-plate light sources. 
5 [0140] As shown in FIG. 14, the discharging load has an electrostatic capacity Cg of 

the dielectric interposed between the electrodes (its capacity value is denoted as Cg), and 

an electrostatic capacity Ca of the gas region (its capacity value is denoted as Ca). The 

discharging load further has a floating electrostatic capacity Cp existing because of the 

structure of the load (its capacity value is denoted as Cp). 
10 [0141] In an ozonizer, the value of Cp is generally sufficiently small and negligible, 

but the value is large in, e.g., surface-discharge plasma display panels. 

[0142] Also, in FIG. 14, oppositely disposed Zener diodes Dz are connected in parallel 

with the electrostatic capacity Ca in order to equivalently show the plasma load that has 

non-linearity due to the generation/disappearance of plasma. 
15 [0143] In a low-frequency diel^tric barrier discharge, typically, that of an ozonizer, 

the applied power Poz for discharge is given by Expression (3) below. 

[0 1 44] [Expression 3 ] 

Ca 
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20 [0145] Expression (3) expresses a relation among the peak value VOp of the applied 
voltage, frequency f, and applied power Poz, 

[0146] Also, Expression (1) shown earlier expresses a relation among circuit's 
electrostatic capacity, inductance, and resonant frequency. 

[0147] Now, the inductance is the value of the reactor provided in series or parallel 
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with the load^ and the electrostatic capacity is the average electrostatic capacity Cy of the 
load. Cy is represented by Expression (2) and depends on the peak value VOp of the 
applied voltage. 

[0148] Accordingly, the applied power Poz that attains the resonance point at the 
frequency fO is obtained by eliminating VOp and Cy from Expressions (1), (2) and (3). 
[0149] [Expression 4] 



[0150] Expression (4) above shows a condition in which the power-supply frequency 
and the resonant frequency coincide with each other (f=fO). 

[0151] The Expression (4) is also an expression that obtains the resonant frequency of 
the circuit with respect to a certain target applied power Poz. From the discussion given 
so far, it is desirable for stable control to drive the inverter at a frequency higher than the 
resonant frequency. 

[0152] In other words, a criterion is obtained that the inverter should be driven at a 
frequency higher than the resonant frequency given by Expression (4) in order to stably 
control the discharging load* 

[0153] The resonant frequency given by Expression (4) is, so to speak, the lower limit 
value of the power-supply frequency, and the upper limit of the power-supply frequency 
will now be described below. 

[0154] The resonant frequency with power of zero is seen from Expression (4). That 
is, this is the resonant frequency with the electrostatic capacity Cp in a non-discharging 
state. This resonant frequency finax is given by Expression (5) below. 
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[0155] [Expression 5] 

y max = j ' ■ -(5) 

[0156] The resonant frequency of the circuit does not become larger than fmax, and it 
5 is therefore appropriate to set the maximum value of the power-supply frequency at a 
value close to fmax, 

[0157] Next, FIG. 15 shows the results of computation with a circuit simulator about a 
relation between the output waveform of the inverter IV and the discharge power in the 
plasma-generation power-supply device 90 described with FIG. L 

10 [0158] In FIG. 15, the horizontal axis shows the discharge power (unit: kW) and the 
vertical axis shows the frequency (unit: Hz), and FIG. 15 shows discharge power 
variations at a plurality of duties of the inverter IVj where the duties are kept constant and 
the frequency is varied. Specifically, the graph shows characteristic curves with d=OJ, 
d-0.5, d-0.6, d-0.8, and d=0,95. 

15 [0159] FIG. 15 corresponds to a graph in which the vertical and horizontal ax©s of the 
frequency characteristic of the applied power of FIG. 5 are exchanged. 
[0 1 60] It is seen from FIG. 1 5 that decreasing the duty increases the resonant frequency. 
The line connecting the peaks of the discharge power vs. frequency characteristic curves 
form a borderline. This borderline corresponds to the curve S61 given by Expression 

20 (4). 

[0161] The curve S61 and the line connecting the variation characteristic peaks do not 
perfectly coincide with each other. One reason for this is that the computation with a 
circuit simulator was done with fixed duties, but Expression (4) was obtained with fixed 
discharge power. Anyway, the frequency region higher than the curve S61 is a region 
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where the discharge can be stably controlled* 

[0162] Also, the upper limit of the power-supply frequency is defmed by Expression 
(5), and it is shown by straight line S62 in FIG. 15, 

[0163] The upper limit of the discharge power differs depending on the frequency, but 
5 the discharge power vs. frequency characteristic curve with the maximum duty indicates 
the upper limit of the discharge power at each frequency. Thus, in FIG. 1 5, tlie range of 
frequency variation for obtaining desired discharge power is shown as a lightly-hatched 
first region RL 

[0164] Now, Expression (4) giving the lower limit value of the frequency is considered, 
10 First, the results of computation with a circuit simulator with fixed duties somewhat 
differ from Expression (4), and also, real power-supplies usually undergo some 
constant-power control and are controlled sufficiently stably even if the discharge is 
somewhat unstable. 

[0165] Accordingly, using the curve S61 given by Expression (4) as the lower limit of 
15 the stable control region is too strict a condition. From examinations based on 
operations of real ozonizers and results of some simulations, it is thought that the 
discharge can be sustained stably even at frequencies lower by about 10% than the 
frequencies given by Expression (4). Taking this into consideration, the stable control 
region is expanded to include the first region Rl and the densely-hatched second region 
20 R2. 

[0166] On the other hand, as to Expression (5) giving the upper limit of frequency, 
there is no need for operating at frequencies higher than the upper limit, but no problems 
arise even when the frequency exceeds the upper limit* However, the power factor will 
decrease and setting a very large frequency variation range is undesirable for inverter and 
25 circuit designs, and therefore the upper limit is defined as a standard. 
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[0167] Thus, stable control can be achieved basically by selecting frequency and 
discharge power within the stable control region including the regions Rl and R2. 
[0168] <1 1-2* Relation between Discharge Power and Frequency for Optimum Stable 
Control> 

5 Next, how to select a frequency in the stable control region for a particular 

discharge power value to achieve optimum stable control will be described referring to 
FIGS. 16, 17 and 18, 

[0169] FIG. 16 is basically the same as FIG, 15 but with no hatching. A maximum 
rated power PozO is defined in FIG. 16. This value is the power exhibited when the duty 

10 is close to the maximum value, i.e., d=0,95, and the frequency is set somewhat higher 
than the frequency corresponding to the maximum power (resonance point). 
[0170] As explained with FIG. 1 5, stable control can be achieved basically by selecting 
frequency and discharge power within the regions Rl and R2, but some differences are 
produced depending on the route, even within the stable control region. 

15 [0171] First, in conclusion, selecting the frequency and discharge power along the 
curve S60, denoted by bold line in FIG. 16, is the most effective for stable control. 
[0172] The curve S60 nearly coincides with the upper end of the stable control region, 
and the curve S60 starts at the point on the curve S61 that corresponds to the maximum 
rated power PozO, and extends along the characteristic curve with a constant duty (d=0.8 

20 herein) such that the frequency increases as the target discharge power decreases, and is 
maintained at the constant frequency frnax after the frequency has reached the maximum 
frequency finax (the power at this point is Pozl ). When the frequency becomes constant 
at finax, the power is controlled with duty, i.e., by PWM control, 

[0173] A constant duty does not mean that the duty is not varied at all, but it meaas 
25 that the PWM control is performed by finely adjusting the duty in order to achieve 
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constaBt-power control at individual points. Performing PWM control to finely control 
the power is a common scheme for inverters. 

[0174] Next, why the route along the curve S60 is advantageous for stable control will 
be described- The route along the curve S60, which approximately coincides with the 
upper end of the stable control region, is the most distant jfrom the resonant frequencies 
and directed toward the worst power factors, but selecting this route enables highest 
stability of the discharge. 

[0175] On the other hand, as to the efficiency of the power-supply, the power factor of 
the power-supply is reduced, but it was found by a computation of inverter's switching 
and dissipation that the dissipation of the inverter does not necessarily become larger. 
On the contrary, it was found that the switching dissipation of the inverter is smaller on 
the route along the upper end of the stable control region than on other routes, 
[0176] In particular, this applies to semiconductor elements in which switching 
dissipations are dominant over conduction dissipations (ON«state dissipations), or to 
frequencies for operating semiconductor elements such that the switching dissipations are 
dominant over the ON-state dissipations. The reason will be described below referring 
to FIGS. 17 and 18. 

[0177] FIGS, 17 and 18 show the results of circuit simulations about the current and 
voltage waveforms of the inverter IV at two points that provide output of about 180 kW 
within the stable control region shown in FIG. 15, i.e., at the point of frequency 2600 Hz 
with duty d=0,8 and the point of frequency 2300 Hz with duty d^O.5. 
[0178] The current and voltage waveforms of FIGS, 17 and 18 are those at the output 
end of the inverter, and the voltage exhibits an almost perfect rectangular wave in both 
diagrams. In the diagrams, the vertical axis shows the current (A) and vohage (arbitrary 
unit), and the horizontal axis shows time (msec), where the maximum and minimum 
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values of voltage are equal to the bus voltage of the inverter. 

[0179] The point that exhibits the wavefonns of FIG. 17 is on the curve S60 of FIG. 16, 
and the point that exhibits the waveforms of FIG. 18 is separated from the curve S60. 
Comparing the two diagrams shows that the voltage and current are closer in phase in 
5 FIG. 1 8, i.e., the power factor is closer to 1 . 

[01 80] On the other hand, in FIG. 17, the current is considerably delayed with respect 
to the voltage, meaning a lagging phase or L-load* This means that the power factor is 
higher in FIG. 18 but the stability is higher in FIG. 17. 

[0181] Now, a difference in power factor is not always eqtial to the magnitude of 
10 inverter*s power dissipation that occurs in the semiconductor elements. As mentioned 
earlier, in such high-frequency switching, the problem is not the ON-state dissipations of 
the semiconductor elements but the switching dissipations. 

[01 82] That is, the switching dissipation is determined by the current value exhibited at 
the time of switching. In FIG. 17, when the voltage rises to positive value, the current 
15 remains at negative value. A negative value of current means that the current is flowing 
through a freewheeling diode provided together with the switching element and it has no 
relation with the switching element, i.e., no switching dissipation, 

[0183] On the other hand, in FIG. 18, when the voltage rises to positive value, the 
current is at a fairly large positive value, and the current is flowing in the switching 
20 element and a switching dissipation is occurring. 

[0184] Thus, the switching dissipation is small in FIG. 17 and the switching 
dissipation is large in FIG, 18. 

[0185] In conclusion, the current and voltage waveforms of FIG. 18 are at a smaller 
duty than those of FIG. 17, and therefore the current and voltage are closer in phase and 
25 the power factor is higher, but as a result the switching current is larger and the switching 
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dissipation is also larger, 

[0186] Thus, selecting the route along the curve S60 reduces the power factor but 
suppresses the switching dissipation of the inverter, which enables more stable discharge 
and smaller switching dissipation. 
5 [01 87] Now, the duty to be constant is set at 0.8 in FIG. 17, and it is desirable to set it 
at a value somewhat smaller than the maximum settable value of the duty, more 
specifically, a value corresponding to 80% to 90% of the maximum duty value. 
[0188] That is, while the frequency is determined for the applied power and that 
frequency is used for operation, a need to increase/decrease the duty xmavoidably arises 

10 after the operation has started, because of the need for constant-power control. 
Accordingly, it is desirable to select a duty value having a margin for jfurther increase. 
[0189] Also, the frequency is not set higher than ftnax, and the frequency finax is used 
at and below the power Pozl so that the fi^uency does not become unnecessarily high. 
That is, when the duty is fixed at 0.8 and the frequency is gradually increased, the power 

15 becomes zero theoretically at infinitely large frequency. Accordingly, when power is to 
be varied to the vicinity of zero, it is appropriate below a certain value of power to control 
the power by PWM control at a constant frequency. The constant frequency is selected 
wdthin a range from the value of fmax of Expression (5) to a value corresponding to about 
80%offmax. 

20 [0190] That is, in practice, stable control can be satisfactorily achieved at frequencies 
that are lower by 10 to 20 % than finax, without using such a high frequency as finax. In 
this case, at low output, the condition enters the second region R2 shown in FIG. 15, but 
real operation was controlled sujfficiently stably in practice. 
[0191] <1 1-3. Specific Setting of Frequency and Duty> 

25 Now, specific methods of setting and finely controlling the frequency and duty 
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will be described. 

[0192] First, the target applied power is determined and next a decision is made as to 
what range of frequencies should be used to achieve stable control, according to the stable 
control region described with FIGS. 15 and 16. 
5 [0193] Then, the frequency and duty are detennined considering the fact described 
referring to FIGS, 17 and 18, i.e., the fact that the stable control and minunized switching 
dissipation are achieved by selecting a condition offering a maximxim frequency with a 
duty close to the maximum value within the stable control region. 

[0194] However, in real operations, the load varies because of various factors, and the 
10 operating condition of the discharging load is detected and a feedback control is applied 
on the basis of the detected results in order to keep the applied power constant While 
some methods of feedback control are applicable, examples thereof are described 
referring to FIG. 19. 

[0195] FIG, 19 is basically the same as FIG. 15 but with no hatching, FIG. 19 
15 illustrates a plurality of control methods that can be selected from an example point that 
corresponds to a target applied power on the characteristic curve of duty d=0.8. 
[0 1 96] <1 1 -3- 1 . Constant Frequency Control> 

In FIG. 19, the direction shown by arrow Al indicates a method of control with 
fixed frequency. 

20 [0197] That is, first, for the target applied power, the duty is set somewhat smaller than 
the maximum value in the stable control region* In the example of FIG. 19, the duty is 
set as d=-0*8, and the frequency corresponding to the target applied power is selected, and 
the inverter is started at this frequency. 

[0198] Then, in the constant-frequency control, when the flowing current or applied 
25 power to the load is measured and feedback control is applied to keep the power constant 
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as described with FIG. 4, the duty is finely adjusted to adjust the power, with the 
jfrequency fixed at the selected frequency, 

[0199] This method is advantageous in that the common inverter control method, 
PWM, can be used to finely adjust the power. 
5 [0200] <1 1 -3-2. Constant Duty Control> 

In FIG, 19, the direction shown by arrow A2 indicates a method of control by 
varying the frequency while keeping the duty constant* 

[0201] That is, first, with respect to the target applied power, the duty is set within the 
stable control region. In the example of FIG. 19, the duty is set as d=0.8, and the 
10 frequency corresponding to the target applied power is selected, and the mverter is started 
at this frequency. 

[0202] Then, from this frequency, the frequency is finely adjusted to feedback-control 
the power. When the frequency is fmely adjusted along the curve S60 of FIG. 16, the 
duty is set at a largest possible value, 

15 [0203] The plasma-generation power-supply device 100, described with FIG. 4, has 
shown a structure in which the frequency of the inverter IV is finely controlled with the 
controller CT, in which case the matching state can be dynamically controlled by using, 
e,g,, a phase locked loop (PHL) as the controller CT, and which offers optimum control 
regardless of the condition of the load. 

20 [0204] This method is effective in a region where the applied power is small and the 
electrostatic capacity of the load is likely to vary and deviate from expected values. 
[0205] Also, when the applied power is close to the maximum value, for example, it is 
necessary to apply a high voltage to the load at a frequency as close to the circuit's 
resonance point as possible. In this case, if the electrostatic capacity of the load varies, 

25 even a slight deviation from matching causes a great variation of the voltage applied to 
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the load, and then the target applied power cannot be applied. The method of 
controlling by vaiying the frequency is effective in such a case because it can recover the 
matching merely by slightly adjusting the frequency. 

[0206] It was mentioned earlier that frequencies over fmax are not used, but, as also 
5 mentioned earlier, exceeding the frequency finax causes no problem in the range of fine 
adjustment of the frequency, 

[0207] Needless to say, different control methods may be used above and below the 
jBrequency fmax, or above and below the target applied power, in which case, for example, 
the control method may be changed to use the frequency control with fixed duty above 
10 the target applied power and the duty control with fixed frequency under the target 
applied power. 

[0208] In the method that controls frequency with fixed duty, the duty is kept constant 
and therefore the first value of the duty can be set at a maximum value (e.g, d==0.95), and 
this method is advantageous because it allows larger applied power and ample power 
15 application capability. 

[0209] <1 1-3-3. Duty and Frequency Control> 

In FIG. 19, the direction shown by arrow A3 indicates a method that controls 
the duty and frequency at the same time. 

[0210] This method is effective when there is a demand to keep the power factor 
20 constant, for example, and how to vary one when the other is varied can be determined 

using a map, table, or the like previously created about the relation among the three 

factors including duty, frequency, and target applied power, and the inverter is controlled 

on the basis of the information. 

[0211] <12. Jump of VoltagO 
25 There are some important factors about the plasma-generation power-supply 
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devices 90 and 100 described referring respectively to FIGS. 1 and 4. 

[0212] In the plasma-generation power-supply device shown in FIG. 12 of Patent 

Document 1, a transformer is provided between the inverter and the ozonizer. 

[0213] More specifically, an alternating ctirrent of 200V or 400 V at a commercial 

frequency is received from an alternating-current power-supply PS, and it is converted to 

a direct current through a rectifier and supplied to the inverter. Accordingly, the inverter 

bus voltage is several hundred V and the output of the inverter provides an alternating 

waveform of several hundred V. 

[0214] Because operating the ozonizer requires a voltage of several kV, a step-up 
transformer is provided between the inverter and the ozonizer to boost the inverter output 
voltage, whereby the voltage of several hundred V outputted from the inverter is 
converted to an alternating voltage of several kV required for the ozonizer. 
[0215] This structure is adopted because the ozonizer generally requires application of 
very high voltage of several kV and it is difficult for the inverter to directly generate a 
voltage waveform having such a high peak value. Accordingly, the inverter is first 
driven at a low voltage and then the voltage is boosted with the transformer. 
[0216] More specifically, ozonizers generally produce a dielectric barrier discharge in 
air or oxygen at atmo^heric or higher pressures. The gap length cannot be made very 
short because of reasons of mechanical precision, and it is 0.1 mm or more and generally 
around 0.4 mm. Also, the discharge is established through a dielectric and so the 
externally applied voltage is umavoidably as high as several kV. Common inverters are 
unable to directly generate such high-frequency high voltage, and so a transformer is 
needed to boost the voltage. 

[0217] On the other hand, in the plasma-generation power-supply devices 90 and 100 
shown respectively in FIGS. 1 and 4, no transformer is provided between the inverter IV 



and the ozonizer 1, and the output voltage of the inverter IV is given directly to the 
reactor FL. 

[0218] In this structure, an alternating current with a voltage of 200 V or 400 V at a 
commercial frequency, for example, is first boosted by the transformer TR and then 
converted to a direct current by the rectifier RE. 

[02191 At this stage, a direct voltage of, e.g<, around 2 kV, is obtained and switched by 
the inverter having a kV-class breakdown voltage, whereby an alternating^ voltage 
waveform having a peak value of, e.g., around 2 kV, is obtained as the inverter output. 
[0220] This alternating voltage is applied to the two electrodes of the ozonizer 1 
through the reactor FL connected in series with the ozonizer L The resonance of the 
reactor FL and the electrostatic capacity of the ozonizer causes the voltage at the two 
electrode of the ozonizer 1 to become much higher than the inverter output, and a high 
voltage, e.g., around 8 kV, is applied to the two electrodes of the ozonizer 1. 
[0221] The structure of the plasma-generation power-supply devices 90 and 100 shown 
in FIGS. 1 and 4 has become possible because of the following two reasons: firstly, an 
inverter using high-voltage switching elements capable of directly switching a voltage of 
1 kV or more are now available to directly generate a voltage waveform having a peak 
value of several kV or more; and secondly, the resonance phenomenon of the discharging 
load and the reactor FL connected in series with the ozonizer 1 (discharging load) can be 
used to cause a jump of the voltage applied to the two electrodes of the ozonizer 1 . 
[0222] Now, in which respects the structure of the plasma-generation power-supply 
devices 90 and 100 is advantageous will be described, 

[0223] In the conventional system as shown in Patent Document 1, the step-up 
transformer mterposed between the inverter and the ozonizer has a high step-up ratio and 
high breakdown voltage, and is generally very expensive and large in dimensions. 
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Eliminating the need for the transformer allows considerable size reduction of the entire 
power-supply device or reduction of its installation area^ and also allows cost reduction of 
the power-supply device. 

[0224] While the plasma-generation power-supply devices 90 and 100 include a 
5 transformer TR immediately preceding the rectifier RE, the transformer TR can be one 
for use at commercial frequency, and its step-up ratio and breakdown voltage can be low 
and it needs relatively low costs. 

[0225] Also, when a transformer is connected in parallel with the discharging load, the 
exciting inductance of the transformer is always present in parallel seen from the 

10 discharging load. That is, in this structure, a parallel resonance effect is imavoidably 
produced and the voltage cannot jump with ideal series resonance. On the other hand, in 
the plasma-generation power-supply devices 90 and 100, no transformer is connected in 
parallel with the discharging load, and therefore there is no influence of exciting 
inductance, and more ideal series resonance can be realized, 

15 [0226] The description above has assumed that the alternating-current power-supply 
PS uses a commercial power-supply of a voltage of 200 V or 400 V, but it is possible in 
large-scale factory plants and the like to receive a voltage over 1 kV directly from the 
power-transmission line, in which case the inverter bus voltage may be generated on the 
basis of the received high voltage. In this case, the transformer preceding the rectifier 

20 RE is not needed, 

[0227] Next, the high-voltage switching elements used for the high-voltage inverter 
will be described. 

In general, Insulated-Gate Bipolar Transistors (IGBTs) are advantageous for 
high-voltage switching. One merit of the IGBT is that the on-state voltage of the IGBT 
25 is constant independently of the voltage applied to the IGBT, This means that, in 
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high-voltage switching, the voltage difference applied to the IGBT, i.e., the voltage drop 
atthelGBT, is small. 

[0228] This is apparently equivalent to a reduction of inverter's internal resistance. 
As a result, the resistance dissipation of the inverter becomes smaller, and this merit is 
5 especially important for the present invention that combines an inverter and a resonance 
circuit. That is, the sharpness of resonance and the voltage jump rate of the resonance 
greatly depend on the resistance component of the circuit Accordingly, a smaller 
resistance dissipation in the inverter further sharpens the resonance. In other words, 
high-voltage inverters using IGBTs are suitable for boosting circuits using resonance. 
10 [0229] An ozonizer is usually used with its one electrode grounded for a structural 
reason, and the potential of the inverter varies according to the output waveform. 
Therefore, some insulating means is needed between the inverter and the electricity 
receiving portion. 

[0230] For example, in the plasma-generation power-supply devices 90 and 100 shown 
15 in FIGS, 1 and 4, the transformer TR is provided between the electricity receiving portion 
and the rectifier RE, and the insulating means can be realized by using an insulated 
transformer TR in which the primary and secondary sides are electrically insulated from 
each other. The structures shown in FIGS. 1 and 4 are advantageous also in this respect. 
[0231] Ozonizers are generally operated at high frequencies of several kHz and 
20 therefore inverters for driving the ozonizers switch at high frequencies of several kHz. 
In the conventional structure as shown in Patent Document 1, high-frequency noise from 
the inverter may leak to the power system through the electricity receiving portion 
because the electricity receiving portion and the inverter are separated only by the rectifier. 
Accordingly, various filters are provided to solve this problem, and this results m an 
25 increase of costs. 



44 

[0232] On the other hand, in the plasma-generation power-supply devices 90 and 100 
shown in FIGS. 1 and 4, the inverter IV and the electricity receiving portion are separated 
not only by the rectifier RE but also by the transformer TR. Furthermore, as mentioned 
above, the primary and secondary sides of the transformer TR are electrically insulated. 
5 In this structure, the high-jfrequency noise from the inverter IV is less likely to be 
conducted to the electricity receiving portion. In other words, in the plasma-generation 
power-supply devices 90 and 100, the transformer TR in the input section provides both 
of insulating function and high-frequency preventing function. Thus, no filter is 
required or a simple filter suffices as a measure against noise, which allows cost reduction 

10 of the entire device. 

[0233] For the prevention of noise, it is also necessary to consider harmonic content 
generated in a high-frequency transformer. As shown in Patent Document 1, when a 
transformer is provided between an inverter and a discharging load, the transformer 
serves as a high-frequency transformer, and the transformer imavoidably generates 

15 harmonic content during operation. 

[0234] When high-frequency current flows to the transformer, harmonic noise is 
produced due to the floating capacity of the transformer during the charging/discharging 
of the discharging load. When it leaks to the power system, it affects the power system 
and other equipment. Accordingly, the use of a high-frequency transformer requires 

20 considering generation of high-frequency components like harmonic noise, and requires 
taking some measures against the noise, but the plasma-generation power-supply devices 
90 and 100, using no high-frequency transformer, requires no such measures. 
[0235] As described so far, in the plasma-generation power-supply device of the 
invention, no transformer is provided between the inverter and the ozonizer, and an 

25 alternating waveform of high voltage is generated directly in the high>voltage inverter and 
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supplied directly to the resonance means including the reactor FL, and the voltage is made 
to jump by the resonance circuit. This structure is highly advantageous in driving an 
ozonizer that is operated at high frequencies of several kHz and that requires voltage of 
several kV. 

5 [0236] Optimizing the voltage jump by resonance is an important factor, and the 
optimization of voltage jump will be described below. 

[0237] How the apphed power to the load (i.e. discharge power) varies with varying 
frequencies has been described earlier referring to FIG, 5. As shown in FIG. 5, the 
discharge power has a peak at a certain point when the frequency is varied. Then, from 

10 Expression (3) representing a relation between the applied power Poz and the applied 
voltage peak value VOp in dielectric barrier discharge, it is seen that, ideally, the 
discharge power increases one-dimensionally with respect to the applied voltage peak 
value, which means that the voltage has a peak value at a partictilar frequency. 
[0238] This shows that the circuit comes in a resonance state at this particular 

15 frequency, which means the jump of the voltage, 

[0239] One of the characteristics of the present invention is that the alternating voltage 
switched in the inverter is applied to the two electrodes of the ozonizer by the resonance 
circuit. A discussion is given below to show the extent of voltage applicable to the 
electrodes of the ozonizer in this circuit structure, and also to show whether the 

20 above-mentioned conditions of the load can be satisfied in this circuit stmcture. 
[0240] <12-1 . Applicable Voltage> 

First, voltage that can be applied to the ozonizer will be examined. 
[0241] Suppose the inverter's bus voltage is Vd and the inverter's duty is d. In this 
case, the effective value of voltage, Vdrms, is given as 

25 Vdrm = ^fdxVd. 
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When the peak value of the sine wave of the same effective value (which is referred to 
also as inverter output voltage) is VO, then, 

VO = j2xVdrms ^ ^fld x Vd. 
[0242] The discharge power of the ozonizer is given by Expression (3), and an average 
5 current flowing to the ozonizer is given by Expression (6) below. 
[0243] [Expression 6] 
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[0244] The average voltage, i.e., Vdrms, is then given by Expression (7) below. 
[0245] [Expression?] 
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[0246] Now, when the voltage jiunp rate M is defined as a ratio between the peak 
value Vp of the voltage across the electrodes of the ozonizer (which is referred to also as 
15 a load peak voltage) and the peak voltage VO of the effective sme wave (the ratio is 
VpA^O), then the voltage jump rate M is given by Expression (8) below. 
[0247] [Expression 8] 
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[0248] This indicates a voltage that can be applied to the electrodes of the ozonizer 
when the jfrequency of the power-supply is set at the resonant frequency of the circuit. 
[0249] FIG. 20 shows a relation among the voltage applied to the load, power-supply 
voltage, and jump rate. In FIG. 20, the horizontal axis shows the ratio between the 
discharge maintaining voltage V* and effective sine wave peak voltage VO, and the 
vertical axis shows the jump rate M and the ratio between the discharge mamtaining 
voltage V* and load voltage Vp. It is assumed that the floating electrostatic capacity Cp 
is zero. 

[0250] As can be seen from Expression (8), the jump rate M is a function of the values 
of the electrostatic capacities that depend on the structure of the ozonizer, the discharge 
maintaining voltage V*, and the peak value VO of the effective sme wave. 
[0251] FIG. 20 shows variations of the jump rate M caused when the effective sine 
wave peak voltage VO is varied, where the characteristic curves S71 and S72 respectively 
show the variations occurring when the ratio between the dielectric's electrostatic 
capacity value Cg and the gas region's electrostatic capacity value Ca is Cg/Ca=1.0 and 
Cg/Ca=1.5 

[0252] FIG. 20 also shows variations of the load voltage exhibited when the peak 
voltage VO of the effective sine wave is varied, i.e., variations of the load peak voltage 
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Vp, where the characteristic cxirves S71 and S72 show the variations respectively with 
Cg/Ca-1.0 and Cg/Ca-1.5. 

[0253] It is seen from the characteristic curves S71 and S72 that the curves of the jump 
rate M have minimum values at certain points,, though the voltage applied to the 
electrodes of the ozonizer, i.e., the discharge maintaining voltage V*, naturally increases 
as the peak voltage VO of the effective sine wave increases, 

[0254] When voltage is applied to sxq>ply power to the ozonizer, the effective sine 

wave peak voltage VO is increased, to the right in FIG. 20. In this case, as can be seen 

from the characteristic curves S71 and S72, the power applied to the load increases and 

the load becomes more like a C-load, and so the jtimp rate M becomes larger. 

[0255] However, in this case, the reactive power is also likely to increase, and it is not 

advantageous to extremely increase the effective sine wave peak voltage VO. 

[0256] On the other hand, when power is to be applied to the ozonizer but it is not 

desirable to considerably increase the voltage at the ozonizer' s electrodes because of 

reasons related to ozonizer's breakdown voltage etc., then the effective sine wave peak 

voltage VO is decreased, to the left in FIG, 20, 

[0257] In this case, the voltage at the electrodes of the ozonizer becomes lower and the 
discharge period becomes shorter, and then the electrostatic capacity in the 
non-discharging state becomes dominant, and the value of the jump rate M becomes 
larger due to the resonance with this electrostatic capacity. In this case, it is desirable to 
increase the power-supply frequency to get away from the r^onance point. However, 
extremely increasing the frequency is not advantageous again, 

[0258] Thus, when the characteristic of ttie resonance circuit is considered, causing the 
voltage to jump as much as possible is desirable because it allows reduction of the 
inverter voltage. However, when real driving operation is considered, it is appropriate 
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to use voltages in the vicinities of the lowest points of the characteristic curves S71 and 
S72 of FIG. 20, more specifically, voltages higher or lower by 0% to 20% than the 
effective sine wave peak volt^e VO at the lowest points. 

[0259] From the analysis above, the following two points should be noticed for the 
optimum conditions for driving the inverter, or for conditions for designing the resonance 
circuit. 

[0260] (1) The value of the power-supply frequency of the inverter should be close to 
the resonant frequency of the resonance circuit (more specifically, frequencies that are 
higher by 5% to 10% than the resonant frequency). 

[0261] (2) The power-supply voltage VO should be selected such that the voltage jump 
rate M becomes the minimum on the characteristic curve of the voltage jump rate M with 
respect to the effective sine wave peak voltage VO (or inverter's bus voltage Vd). 
[0262] Satisfying these conditions makes it possible to efficiently cause a voltage jump 
while minimizing the reactive power. 

[0263] The plasma-generation power-supply device 100 of FIG. 4 has shown a 
structure that uses the controller CT to control the power-supply frequency of the inverter 
rV and the duty. However, the controller CT is not needed when the resonant frequency 
corresponding to the ozonizer used has been obtained and there is no need to change the 
applied power. That is, in the plasma-generation power-supply device 90 shown in FIG. 
1, the load voltage can be made to jump by the resonance when the power-supply 
frequency of the inverter IV is fixed at a value close to the resonant frequency of the 
resonance circuit. 

[0264] In practice, the device may be used outside of the above-described conditions 
because of a demand to apply desired power to the load, for eKample. In reality, a 
practical range is from around half to two times the value at tiie lowest point of the jump 
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10 



rate M. 

[0265] The ranges of the power-supply operation conditions are formulated on the 
basis of specific examples conforming to the structures of ozonizers. 
[0266] <12-2. Realistic Range of Power-supply Voltage VO and Realistic Range of 
Jump Rate M> 

The value of the lowest point of the jump rate M in FIG. 20 is expressed as a 
representative value MOO and the corresponding value of the effective sine wave peak 
value VO is expressed as a representative value VOO. 

[0267] The representative value VOO and the corresponding minimum value MOO of 
the jump rate M are given by Expression (9) and Expression (10) below. These 
expressions are modified to approximate expressions, 
[0268] [Expression 9] 
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15 [0269] [Expression 10] 
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[0270] 



From the discussion above, it is known that the extent of voltage jump by the 
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resonance circuit is determined by the electrostatic capacities of the load and the applied 
power. 

[0271] Then, the repr^entative values VOO and MOO are determined from the load's 
electrostatic capacities and Expressions (9) and (10). Next, the effective sine wave peak 
voltage VO is adjusted to meet the target applied power. This means adjusting the 
design value of the inverter's bus voltage Vd or adjusting inverter's duty by PWM 
control. 

[0272] When the effective sine wave peak voltage VO is varied from the representative 
value VOO, the load peak voltage Vp varies as shown by the curves S81 and S82 in FIG. 
20, and the jump rate M also varies at the same time. That is, the representative value 
MOO of the jump rate M is determined by the structure, and the jxmap rate M becomes 
somewhat higher when the power is adjusted. 

[0273] Accordingly, precisely obtaining the value of the jump rate M requires that the 
ozonizer's electrostatic capacity values and effective sine wave peak voltage VO or power 
be clear. 

[0274] However, as mentioned earlier, the reactive power becomes large when the 
effective sine wave peak voltage VO is too large. When the effective sine wave peak 
voltage VO is small, sufficient voltage cannot be applied to the ozonizer and then the 
frequency Is made very high to obtain necessary power. 

[0275] Accordingly, as mentioned earlier, a realistic range of the effective sine wave 

peak voltage VO is around half to two times the representative value VOO. 

[0276] Now, FIG. 21 shows relations between the power-supply voltage (effective sine 

wave peak voltage) VO and the jump rate M which were obtained when some real 

ozonizen were driven with the plasma-generation power-supply device 100 of the 

invention. 
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[0277] In FIG. 21, the horizontal axis shows the ratio between the discharge 
maintaimng voltage V* and the effective sine wave peak voltage VO, and the vertical axis 
shows the jump rate M. The characteristic curves S91, S92, S93 and S94 show 
operational characteristics of five kinds of ozonizers. The characteristic curves S91 to 
5 S94 were obtained by driving commercially available ozonizers with the 
plasma-generation power-supply device 1 00 of the present invention. 
[0278] In FIG* 21, the operating points of the ozonizers are shown as points 91 to 95. 
Some ozonizers are operated in the vicinity of the lowest iK>int or the representative value 
MOO of the jump rate M, while others are operated somewhat on the right or left of it. 
10 The ozonizers having the operating points 91 to 95 are hereinafter referred to respectively 
as ozonizers 91 to 95. 

[0279] The ozonizer 92, for example, uses a point that approximately coincides with 
the lowest point of the characteristic curve S92, but the ozonizer 91 uses higher 
power-supply voltage because it needs application of some more power than that of the 

15 lowest point of the characteristic curve S9L The ozonizer 95 uses still higher 
power-supply voltage because it needs still more power than the ozonizer 91 . 
[0280] With the ozonizer 94, the electrostatic capacity Cg of the dielectric is very large, 
and the c^acitive component of the ozonizer load is weak and therefore the voltage is 
less likely to jump by resonance, and so M exhibits smaller values. On the other hand, 

20 the effective sine wave peak voltage VO is increased to apply power, and so the jump rate 
M is considerably larger than the representative value MOO. 

[0281] The floating electrostatic capacities Cp of the ozonizers 91, 92, 94 and 95 are 
negligible for structural reasons, but the floating electrostatic capacity Cp of the ozonizer 
93 is not negligible. Therefore, the lowest point of its jump rate M considerably differs 
25 from those of the other three. 
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[0282] Also, in the ozonizer 93, the electrostatic capacity Ca of the gas region is 
characteristically large. This, together with the effect of the floating electrostatic 
capacity Cp, results in very strong ozonizer-load capacitive component, and therefore the 
jump rate M is so large and exhibits a value around 8 at its lowest point. With the 
5 ozonizer 93, a jump rate on the left of the lowest point is used because the 
plasma-generation power-supply device 100 of the invention increases the frequency, 
without increasing the voltage, in order to apply power, 
[0283] FIG. 22 shows a graph of Expression (10)* 

[0284] hi FIG. 22, the horizontal axis shows the functional part including the 

10 electrostatic capacities shown m Expression (10), and the vertical axis shows the jump 
rate M. The characteristic curve SI 01 shown by bold line represents the theoretical line 
of Expression (10), and the straight line S102 along it represents the approximate 
expression. Values on this straight line are the representative values MOO. The 
practical values of the jump rate M of the five ozonizers 91 to 95 shown in FIG. 21 are 

15 shown as points 91 to 95, respectively. 

[0285] All jump rates M are somewhat above the theoretical line of the representative 
value MOO, and the point 94, for example, exhibits a considerably larger value. 
[0286] From these examples, it is possible to estimate a realistic range of values of the 
effective sine wave peak voltage VO and a realistic range of values of the jump rate M, 

20 [0287] First, from FIG. 21, the realistic range of the effective sine wave peak voltage 
VO is thought to be about half to two times the value of VOO shown by Expression (9). 
[0288] Also, the realistic range of the jump rate M is determined as MO0+2>M>M00/2 
with respect to the representative value MOO determined by Expression (10). 
[0289] The description above has shown examples that use the plasma-generation 

26 power-supply device 100 having the controller CT, because various kinds of ozonizers 
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are used. However, needless to say, when the characteristics (resonant frequency and 
jump rate) of each ozonizer are known, a desired ozonizer can be efficiently operated 
with the plasma-generation power-supply device 90 of FIG. 1 on the basis of the 
minimum value MOO of the jump rate determined by Expression (10). 
5 [0290] <12-3. Relation between Power-supply Voltage VO and hiverter's Bus Voltage 
Vd> 

Next, the relation between the power-supply voltage VO and inverter's bus 
voltage Vd will be examined, 

[0291] The discussion so far was based on the assumption that the waveform is a 
10 perfect sine wave and the circuit dissipation is zero. That is, the circuit resonance under 
ideal condition has been discussed. However, in reality, there are a lot of factors to be 
considered. 

[0292] Specifically, they are the power factor of the inverter output, dissipation of the 
circuit (reactor etc), and the like. Also, the discussion above has been made with 

15 examples in which the power-supply fi:equency perfectly agrees with the resonant 
frequency of the circuit. However, it is desirable to allow for a further voltage margin 
because points somewhat away firom the resonance point are used in practice. 
[0293] When the voltage reduction rate due to these factors is represented as ri, 
inverter's bus voltage Vd is given by Expression (1 1) below. 

20 [0294] [Expression 1 1 ] 

VO 

[0295] Wherein, for example, when d=0.25 and ri^l, then r}4d =0.5, and when 
d=^0.8 and ti=0.56, then ^ 03 , and therefore ?j-Jd will be around 0.5 at least. 
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[0296] That is, it can be regarded as 

1 > T}4d > 0.5. 

[0297] From the discussion above, M00+2>M>M00/2, and so the range of the ratio 
Md (VpA/'d) between ozonizer's inter-electrode voltage Vp and inverter's bus voltage Vd 
5 is given by Expression (12) below, so as to specify a realistic range. 
[0298] [Expression 12] 

V2(Af 00 + 2) > M/ > —MOO • • • (12) 

4 

[0299] Also, the range of the power-supply voltage VO is from half to two times the 
10 representative value VOO given by Expression (9), and Expression (1 1) is applied to this 
relation and the range of inverter's bus voltage Vd is given by Expression (13) below. 
[0300] [Expression 13] 

-~VOQ>Vd>^rOO -(13) 



15 [0301] The expression above can be modified to Expression (14) below, and the range 
of inverter's bus voltage Vd is specified on the basis of electrostatic capacities. 
[0302] [Expression 14] 



4V> 



1 + 



Cg 



>Vd> 



1 + ^ 



.(14) 



20 



[0303] The ranges defined by Expressions (12) and (14) are fairly wide when realistic 
applications to ozoniz^rs are considered. 

[0304] Accordingly, operational conditions of the ozonizers 91 to 95 shown in FIGS. 
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21 and 22 are listed in Table 1 below, and more realistic ranges of inverter's bus voltage 
Vd and ozonizer's inter-electrode voltage Vp are defined on the basis of the information. 
[0305] [Table 1] 



Table 1 



Ozonizer No, 


91 


92 


93 


94 


95 


ca/cg 


0.7 


0.49 


1 


0.17 


0.67 


cp/cg 


0 


0 


0.63 


0 


0 


Discharge maintain voltage V* 


2390 


4280 


1600 


2460 


2115 


Discharge power density W/S 


0.25 


0.25 


2.5 


0.64 


0.2 


Ozonizer voltage (peak value) Vp[V] 


8000 


11000 


5375 


8407 


10000 


Inverter bus voltage Vd[V] 


2180 


3840 


634 


2970 


2258 


Md=VpA^d 


3.7 


2.87 


8.47 


2.83 


4.4 



5 



[0306] Table 1 above shows the results obtained by driving commercially available 
ozonizers with the plasma-generation power-supply device 100 of the invention, 
[0307] In Table 1, the discharge power density (W/S) indicates the discharge power 
applied per unit electrode area (/cm\ which value depends also on the device structure. 
10 [0308] The ozonizers 91, 92, 94 and 95 shown in Table 1 are all cylindrical multi-tube 
type ozonizers as described with FIG, 10, where the floating electrostatic capacity Cp, 
which is parallel to the load, is so small and negligible, and the values of Ca/Cp are 
shown as zero in Table 1. However, the ozonizer 93 has a peculiar structure and 
Ca/Cp-0.63. 

15 [0309] Now, when ozonizers of a type like the ozonizer 93 are regarded as exceptions 
and only the ozonizers whose floating electrostatic capacity Cp can be handled as zero are 
taken into consideration, then the Expression (14) can be further simplified to exclude the 
electrostatic capacities as 4V*>Vd>0.5V*, 

[0310] On the basis of the information of Table 1, a more realistic range can be 
20 specified as 2V*>Vd>0.5V*. 
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[0311] Also, on the basis of Table 1, the range of the ratio Md, between ozonizer's 
mter-electrode voltage Vp and inverter's bus voltage Vd, can be specified as a more 
realistic range as 6>Md>l. 

[0312] Also, as can be seen from Table 1, the values of the discharge maintaining 
5 voltage V* are j&om 2 kV to 4 kV, in which case the breakdoAvn voltage of elements has 
to be 1 kV or more. Furthermore, considering the use of ozonizers, current flowing 
therein is not small. Accordingly, desired switching elements to form the inverter are 
large-capacity semiconductor elements such as Insulated-Gate Bipolar Transistoi^ 
(IGBTs). 

10 [0313] The description above has shown examples that use the plasma-generation 
power-supply device 100 having the controller CT because the examples use various 
types of ozonizerSj but,, needless to say, the range of inverter^ s bus voltage Vd shown by 
Expression (14) is applicable also to the plasma-generation power-supply device 90 
described with FIG, 1. 

15 [03 14] <13* Examples of Configuration of Inverter> 

As mentioned above, a high-voltage inverter for driving an ozonizer requires 
switching elements having high breakdown voltage and therefore uses high-voltage 
IGBTs, Also, recent ozonizers are driven at increased frequencies of 1 kHz to 20 kHz. 
[03 1 5] Some specific examples of the configuration of the high-voltage inverter for 

20 driving ozonizers will be described below. 

[03 16] <1 3-L Inverter Having Two Stages of Inverter Blocks> 

For example, a high- voltage inverter with an output voltage of 2 kV can be 
constructed with one inverter block including full-bridge-connected IGBT elements 
having a breakdown voltage of 2 kV, with a bus voltage of 2 kV* However, a structure 

25 having two stages of inverter blocks, as shown in FIG. 23, can be adopted to allow the 
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use of IGBT elements having a breakdown voltage lower than the bus voltage. 
[03 17] The inverter shown in FIG. 23 has inverter blocks IVl and IV2 formed of IGBT 
elements having a breakdown voltage that is half the output voltage, and the inverter 
blocks IVl and IV2 are connected in series with the two electrodes of the ozonizer 1 . 
5 [0318] Rectifiers REl and RE2 are provided to supply an alternating voltage 
respectively to the inverter blocks IVl and IV2, and the rectifiers REl and RE2 are 
supplied with a high alternating voltage from the alternating-current power-supply PS 
through a transformer TRL The transformer TRl is an insulated transformer in which 
the primary and secondary sides are electrically insulated, and the secondary side has two 
10 windings so that one transformer can supply a high altemating voltage to the two 
rectifiers REl and RE2, so as to simultaneously supply power to the series-connected two 
inverter blocks IVl and IV2* 

[0319] Smoothing capacitors CI and C2 are interposed r^pectively between the main 
power-supply lines (bus lines) P and N that supply the altemating voltage from the 
15 rectifiers RE 1 and RE2 to the inverter blocks IV 1 and IV2. 

[0320] Each of the inverter blocks IVl and IV2 includes two sets of inverter-connected 
insulated-gate bipolar transistors provided between the main power-supply lines P and N 
to form a fixll bridge connection of IGBTs. 

[0321] That is, the inverter block IVl includes inverter-connected transistors Tl 1 and 
20 T12 and transistors T13 and T14 provided between the P and N lines, and the inverter 
block IV2 includes inverter-connected transistors T21 and T22 and transistors T23 and 
T24 provided between the P and N lines. The output node of the set of transistors Tl 1 
and T12 is connected to one end of the reactor FL, and the other end of the reactor FL is 
connected to one electrode of the ozonizer L The output node of the set of transistors 
25 T23 and T24 is connected to the other electrode of the ozonizer L This electrode is 
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grounded in use. 

[0322] The output node of the set of transistors T13 and T14 is connected to the output 
node of the set of transistors T21 and T22. 

[0323] Diodes Dll, D12, D13 and D14 are connected in reverse-parallel respectively 
5 with the transistors Til, T12, T13 and T14, and diodes D21, D22, D23 and D24 are 
connected in reverse-parallel respectively with the transistors T21, T22, T23 and T24. 
These diodes are for freewheeling of current. 

[0324] When the configuration shown in FIG. 23 is adopted and the voltage difference 
between the PN lines of the inverter blocks IV 1 and IV2 is 1 kV at most, for example, the 
10 inverter's output voltage is 2 kV but a breakdown voltage of 1 kV is sufficient for the 
transistors, 

[0325] That is^, as mentioned above, the electrode of the ozonizer 1 to which the output 
node of the set of transistors T23 and T24 is connected is at ground potential. Then, 
when the potential of the main power-supply line N of the inverter block IV2 is 0 V, the 
15 potential of the main power-supply line P is 1 kV, and the voltage of the output node of 
the set of transistors T21 and T22 is 1 kV. 

[0326] When the voltage of the output node of the set of transistors T21 and T22 is 1 
kV, the potential of the main power-siipply line N of the inverter block IVl is 1 kV, and 
the potential of the main power^supply line P is 2 kV, and the voltage of the oulput node 
20 of the set of transistors Tl 1 and T12 is 2 kV. 

[0327] In this way, the voltage difference between the P and N lines is 1 kV at most, 
and therefore the breakdown voltage of the transistors can also be 1 kV, i.e., the 
breakdown voltage can be half the output voltage of the inverter. 

[0328] Thus, the inverter can be constructed with transistors having a breakdown 
26 voltage lower than the output voltage, by connecting a plurality of inverter blocks in 
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series with the two electrodes of the ozonizer. 

[0329] Needless to say, the output current of the inverter can be made larger by 
connecting a plurality of inverter blocks m parallel with the two electrodes of the 
ozonizen 

5 [0330] <1 3-2. Inverter Having Four Stages of Inverter Blocks> 

When the voltage for driving the ozonizer is extremely high and using 
high-voltage IGBTs accordingly costs much, the costs can be reduced by using a larger 
number of inverter blocks formed of IGBTs having breakdown voltage reasonable for the 
costs. FIG. 24 shows an example of such an inverter, having four stages of inverter 
10 blocks. 

[0331] The inverter shown in FIG. 24 includes inverter blocks IVIO, IV20, IV30 and 
rV40 formed of IGBT elements having a breakdown voltage that is one-fourth the output 
voltage, and the inverter blocks IVIO to IV40 are connected in series with the two 
electrodes of the ozonizer 1. 

15 [0332] Rectifiers REIO, RE20, RE30 and RE40 are provided to supply an alternating 
voltage respectively to the inverter blocks IVIO, IV20, IV30 and IV40, and the rectifiers 
REIO to RE40 are supplied with a high alternating voltage from the alternating-current 
power-supply PS through a transformer TRIO. The transformer TRIO is an insulated 
transformer in which the primary and secondary sides are electrically insulated, and the 

20 secondary side has four windings so that one transformer can supply a high alternating 
voltage to the four rectifiers REIO to RE40, so as to simultaneously supply power to the 
series-connected four inverter blocks IVIO to rV40. 

[0333] Smoothing capacitors CIO, C20, C30 and C40 are interposed respectively 
between the main power-supply lines (buses) P and N that supply the altemating voltage 
25 fi^om the rectifiers REl 0 to RE40 to the inverter blocks IV 1 0 to IV40. 
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[0334] Each of tiie inverter blocks IV 10 to IV40 has two sets of inverter-connected 
insulated-gate bipolar transistors provided between the main power-siqpply lines P and N 
to form a full-bridge connection of IGBTs. 

[0335] That is, the inverter block IVIO includes inverter-connected transistors TlOl 
5 and T102 and transistors T103 and T104 provided between the P and N lines, the inverter 
block IV20 includes inverter-connected transistors T201 and T202 and transistors T203 
and T204 provided between the P and N lines, the inverter block IV30 includes 
inverter-connected transistors T301 and T302 and transistors T303 and T304 provided 
between the P and N lines, and the inverter block IV40 includes inverter-connected 
10 transistors T401 and T402 and transistors T403 and T404 provided between the P and N 
lines. 

[0336] The output node of the set of transistors TlOl and T102 is connected to one end 
of the reactor FL, and the other end of the reactor FL is connected to one electrode of the 
ozonizer L The output node of the set of transistors T403 and T404 is connected to the 

15 other electrode of the ozonizer 1 • This electrode is grounded in use. 

[0337] The output node of the set of transistors T103 and T104 is connected to the 
output node of the set of transistors T201 and T202, the output node of the set of 
transistors T203 and T204 is connected to the output node of the set of transistors T301 
and T302, and the output node of the set of transistors T303 and T304 is connected to the 

20 output node of the set of transistors T401 and T402. 

[0338] Diodes DlOl, D102, D103 and D104 are connected in reverse-parallel 
respectively with the transistors TlOl, T102, T103 and T104, diodes D201, D202, D203 
and D204 are connected in reverse-parallel respectively with the transistors T201, T202, 
T203 and T204, diodes D301, D302, D303 and D304 are connected in reverse-parallel 

25 respectively with the transistors T301, T302, T303 and T304, and diodes D401, D402, 
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D403 and D404 are connected in reverse-parallel respectively with the transistors T401, 
T402, T403 and T404, These diodes are for freewheeling of current. 
[0339] When the configuration shown in FIG. 24 is adopted and the volt^e difference 
between the P and N lines of each of the inverter blocks IVIO to rV40 is 1 kV at most, for 
5 example, the inverter's output voltage is 4 kV but a breakdown voltage of 1 kV is 
sufficient for the transistors. 

[0340] When the configuration shown in FIG. 24 is adopted, the four inverter blocks 
rVlO to IV40 are tumed on/off not simultaneously but stepwise, and then the output 
voltage varies stepwise as shown in FIG. 25 to output a rectangular waveform closer to a 
10 sine wave. 

[0341] That is, in FIG. 25, the step STl that is one level higher than the 0 V line is 
obtained by turning on only the inverter block IVIO with the other inverter blocks being 
off. 

[0342] In this process, in the inverter block IVIO, for example, turning on the inverter 
15 block means turning on the transistors TlOl and T104 and turning off the transistors 
T102andT103. 

[0343] Also, in the inverter block IVIO, for example, turning off the inverter block 
means turning off the transistors TlOl and T103 and turning on the transistors T102 and 

T104. 

20 [0344] Referring to FIG. 25 again, the step ST2 that is two levels higher than the 0 V 
line is obtained by turning on the inverter blocks IVIO and IV20 and tuming off the other 
inverter blocks. 

[0345] Also in FIG. 25, liie step ST3 that is three levels higher than the 0 V line is 
obtained by tuming on the inverter blocks IVIO, IV20 and IV30 and tuming off the 
25 inverter block IV40. 
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[0346] Also in FIG. 25, the step ST4 that is four levels higher than the 0 V line is 
obtmned by turning on all the inverter blocks IVl 0 to rV40. 

[0347] In FIG. 25, the steps below the 0 V line are obtained by turning on/off the 
inverter blocks with their P-N lines set at minus potential, in which case the definition of 
5 turning on/off the inverter blocks differs* 

[0348] That is, in the inverter block IV 10, for example, turning on the inverter block 
means turning off the transistors TlOl and T104 and turning on the transistors T102 and 
T103. 

[0349] Also, in the inverter block IV 10, for example, turning off the inverter block 
10 means turning on the transistors TlOl and T103 and txaming off the transistors T102 and 
T104. 

[0350] The description assumes that the voltage differences between the P-N lines of 
the four inverter blocks IVIO to rV40 are equal, but the voltage differences may be set 
different 

15 [0351] <1 3-3. Power Dissipations in Semiconductor Elements> 

When the inverter configuration as shown in FIG* 24 is adopted, the 
transformer TRIO is large-sized and switching is done for a very large nimiber of times, 
which will result in large power dissipations in the semiconductor elements. 
[0352] When IGBT elements are driven at high frequencies, a serious problem to be 

20 dealt with is their switching dissipations rather than ON-state dissipations, 

[0353] Dissipations caused in switching include three kinds, i.e., a switching 
dissipation in tuming on (Eon), a switching dissipation in turning off (Eoff), and a 
recovery dissipation (Erec) of the freewheeling diode element provided in parallel with 
the IGBT element. 

26 [0354] Now, for the sake of simplicity, it is assumed that an inverter as shown in FIG. 
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26 outputs a rectangular wave aad a current close to a sine wave flows as a result of the 
resonance of the circuit. 

[0355] The inverter shown in FIG. 26 includes inverter-connected transistors Tl and 
T2 and transistors T3 and T4, and a smoothing capacitor CO inserted between the P-N 
5 lines, where the output node of the set of transistors Tl and T2 is connected to one end of 
the reactor FL and the other end of the reactor FL is connected to one electrode of the 
ozonizer 1 . The output node of the set of transistors T3 and T4 is connected to the other 
electrode of the ozonizer 1 . This electrode is grounded in use. 

[0356] FIG. 27 shows a rectangular voltage waveform VW outputted from the inverter 
10 of FIG. 26, its sinusoidal current waveform CW, and timing of turning on/off of the IGBT 
elements (gate waveforms). That is, the gate waveforms given to the transistors Tl, T2, 
T3 and T4 are respectively shown as Gl, G2, G3 and G4, and FIG. 27 also shows which 
kinds of dissipations occur at which elements when switched. 

[0357] That is, when the transistor T2 turns off and the transistor Tl turns on, a 
15 switching dissipation (Eon) occurs due to the tum-on of the transistor Tl and a recovery 
dissipation (Erec) occurs at the diode D2 due to the tum-off of the transistor T2. 
[0358] When the transistor T4 turns off and the transistor T3 tums on, a switching 
dissipation (EofJE) occurs due to the tum-off of the transistor T4* 

[0359] Also, when the transistor Tl tums off and the transistor T2 tums on, a 
20 switching dissipation (Eon) occui^ due to the tum-on of the transistor T2 and a recovery 
dissipation (Erec) occurs at the diode Dl due to the tum-off of the transistor Tl . 
[0360] When the transistor T3 tums off and the transistor T4 tums on, a switching 
dissipation (Eoff) occurs due to the tum-off of the transistor T3. 

[0361] As shown in FIG. 27, the power dissipations do not occur equally in the 
25 transistors Tl to T4 and the diodes Dl to D4, but the transistors T3 and T4 suffer tum-off 
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switching dissipations (Eoff), and the transistors Tl and T2 suffer turn-on switching 
dissipations (Eon), and flie diodes Dl and D2 suffer recovery dissipations. 
[0362] Accordingly, when a transistor and a diode form a single semiconductor chip, 
the semiconductor chip formed of the set of transistor Tl and diode Dl and the 
5 semiconductor chip formed of the set of transistor T2 and diode D2 suffer larger power 
dissipations than the other semiconductor chips and will be overheated due to the power 
dissipations. 

[0363] Also, depending on the current values flowing in the elements, the 
semiconductor chip formed of the set of transistor T3 and diode D3 and the 
10 semiconductor chip formed of the set of transistor T4 and diode D4 may suffer larger 
power dissipations, and then they will be overheated. 

[0364] This problem can be avoided by changing the pattern of control of the 
semiconductor elements at certain intervals so that the power dissipations will not 
concentrate in particular semiconductor chips. This control method will be specifically 
15 described below. 

[0365] <13-4. Control Method that Averages Power Dissipations of Semiconductor 
Elements> 

<l3-4-l. First Example of the Control Method> 

FIG. 28 shows gate waveforms that are generated on the basis of the idea above 
20 and given respectively to the IGBT elements, and a rectangular voltage waveform VW 
and a sinusoidal current waveform CW that the inverter of FIG. 26 outputs when 
controlled on the basis of the gate waveforms. FIG. 28 also shows which kinds of 
dissipations occur in which elements when switched. 

[0366] In the gate waveforms shown in FIG. 28, as compared with the gate waveforms 
25 Gl to G4 shown in FIG. 27, the gate waveforms Gl and G4 and the gate waveforms G2 
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and G3 are replaced by each other for each cycle, 

[0367] That is, the gate waveform Gil is based on the gate waveform Gl and 
coxjfigured so that the gate waveform G4 and the gate waveform Gl replace each other 
for each cycle, and the gate waveform G14 is based on the gate waveform G4 and 
5 configured so that the gate waveform Gl and the gate waveform G4 replace each other 

for each cycle. 

[0368] The gate waveform G13 is based on the gate waveform G3 and configured so 
that the gate waveform G4 and the gate waveform G3 replace each other for each cycle, 
and the gate waveform G12 is based on the gate waveform G2 and configured so that the 

10 gate waveform G3 and the gate waveform G2 replace each other for each cycle, 

[0369] With the gate waveforms Gl 1 to G14 shown in FIG. 28, when the transistor T3 
turns off and the transistor T4 turns on, a switching dissipation (Eon) occurs due to the 
tum-on of the transistor T4 and a recovery dissipation (Erec) occurs at the diode D3 due 
to the turn-off of the transistor T3* 

15 [0370] Also, when the transistor T4 turns off and the transistor T3 turns on, a 
switching dissipation (Eoff) occurs due to the turn-off of the transistor T4. 
[0371] When the transistor Tl turns off and the transistor T2 turns on, a switching 
dissipation (Eon) occurs due to the tumK)n of the transistor T2 and a recovery dissipation 
(Erec) occurs at the diode Dl due to the tum-off of the transistor TL 

20 [0372] When the transistor T3 turns off and the transistor T4 tums on, a switching 
dissipation (Eoff) occurs due to the tum-off of the transistor T3. 

[0373] When the transistor T2 tums off and the transistor Tl tums on, a switching 
dissipation (Eon) occurs due to the tum-on of the transistor Tl and a recovery dissipation 
(Erec) occurs at the diode D2 due to the tum-off of the transistor T2. 
25 [0374] When the transistor Tl tums off and the transistor T2 tums on, a switching 
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dissipation (Eoff) occtirs due to the turn-off of the transistor TL 

[0375] When the transistor T4 turns off and the transistor T3 turns on, a switching 
dissipation (Eon) occurs due to the turn-on of the transistor T3 and a recovery dissipation 
(Erec) occurs at the diode D4 due to the turn-off of the transistor T4. 
5 [0376] When the transistor T2 turns off and the transistor Tl turns on, a switching 
dissipation (Eoff) occurs due to the turn-off of the transistor T2. 

[0377] In this way, with the four IGBT elements forming two inverter connections, the 
gate waveforms given to the high-potential IGBT element of one inverter connection and 
the low-potential IGBT element of the other inverter connection are replaced by each 
10 other for each cycle, which prevents occurrence of nonuniform power dissipations in the 
transistors Tl to T4 and diodes Dl to D4, and thm averages the power dissipations, 
averages heat generation in the elements, and reduces the amount of maximum heat 
generation in each element, 

[0378] <13-4-2, Second Example of the Control Method> 
15 As for another method of controlling the inverter to solve nonuniform power 

dissipations, the gate waveforms given to the IGBT elements may be changed forcedly as 
shown in FIG, 29. 

[0379] That is, with the basic gate waveforms Gl to G4 shown in FIG. 27, the gate 
wavefomis are forcedly exchanged at a time when the voltage waveform VW outputs no 

20 pulse (in FIG. 29, this timing is shown with a hatched area), i.e., when the transistors Tl 
and T3 are on, or when the transistors T2 and T4 are on, the gate waveforms are forcedly 
exchanged such that the gate waveform G3 is given to the transistor Tl, the gate 
waveform Gl is given to the transistor T3, the gate waveform G2 is given to the transistor 
T4, and the gate waveform G4 is given to the transistor T2, When the gate waveforms 

25 are forcedly exchanged next time, they are exchanged in the reverse manner. 
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[0380] When this method is adopted, as shown in FIG. 29, the vohage waveform VW 
exhibits two consecutive positive pulses. This makes the shape of the current wavefonn 
somewhat irregular. However, the shape of the current waveform is not very frequently 
made irregular, and therefore it does not considerably affect the operation of the inverter, 
5 because the cycle of exchanging the waveforms can be set sufficiently longer, e,g., one 
second, as compared with the frequency of the inverter, since it works satisfactorily as 
long as this cycle is sufficiently shorter than the length of time it takes the elements to be 
overheated by nonuuiiform power dissipations (a time period defined by the rate of heat 
conduction). 

10 [0381] The gate waveforms can be forcedly exchanged by providing a structure that 

exchanges the gate waveforms Gl and G3, or the gate waveforms G2 and G4, e.g., a 

flip-flop circuit, preceding the gate signal input of each transistor* 

[0382] <13-4-3, Third Example of the Control Method> 

As to another method of forcedly exchanging the gate waveforms given to the 
15 IGBT elements, as shown in FIG. 30, two kinds of signal sources may be prepared so that 

the waveforms can be exchanged forcedly at a time when the voltage waveform VW is 

outputting a pulse, 

[0383] That is, as shown in FIG* 30, two signal sources are prepared, including a signal 
source GX that outputs the basic gate waveforms Gl to G4 shown in FIG. 27, and a 
20 signal source GY that outputs gate waveforms Gl ' and G4' in which the gate waveforms 
Gl and G4 are exchanged with each other, and gate waveforms G2* and G3' in which the 
gate waveforms G2 and G3 are exchanged with each other. 

[0384] Then, the gate waveforms are forcedly exchanged at a time when the voltage 
waveform VW outputs a pulse (in FIG. 30, this timing is shown vsdth a hatched area), i.e., 
25 when the transistors Tl and T4 are on, or when the transistors T2 and T3 are on, the gate 
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waveforms are clianged such that the gate wavefotm Gl ' is given to the transistor Tl, the 
gate waveform G2' is given to the transistor T2, the gate waveform G3' is given to the 
transistor T3, and the gate waveform G4' is given to the transistor T4. When the gate 
waveforms are forcedly exchanged next time, they are exchanged in the reverse manner. 
5 [0385] This method reqmres two signal sources, but the inverter output waveform is 
not changed. The cycle of exchanging is appropriately set around one second* 
[0386] <13-5. Measures to Solve Heat Gtsneration Caused by Increased Power 
Dissipations> 

Next, measures to be taken against further increased power dissipations in the 
10 elements will be descril^d. As described earlier, when IGBT elements are driven at 
high frequencies, a serious problem is not the ON-state dissipations but the switching 
dissipations. Usually, when measures have to be taken to solve heat generation caused 
by large current and large power dissipations in semiconductor elements, a plurality of 
semiconductor elements are connected in parallel to distribute power dissipations, 
15 [0387] The power dissipations of semiconductor elements are usually determined by 
the current flowing in the on state, and therefore a plurality of semiconductor elements 
connected in parallel are all turned on or made conductive so as to reduce the current flow 
in each element. 

[0388] However, as mentioned earlier, in the inverter used in the plasma-generation 
20 power-supply device of the invention, not the ON-state dissipations but the switching 
dissipations are dominant. In this case, instead of reducing the current in on state, the 
number of tum-on operations of each semiconductor element is reduced. 
[0389] FIG. 31 shows an example of the configuration of an inverter IV used in the 
plasma-generation power-supply device 100, where two IGBTs are connected in parallel. 
25 [0390] As shown in FIG. 31, inverter--coimected IGBTs 11 and 21 and IGBTs 31 and 
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42 are provided between the main power-supply lines (bus) P and N, and the output nodes 
of these sets of IGBTs are connected respectively to the reactor FL and an electrode of the 
ozonizer L 

[0391] Also, IGBTs 12, 22, 32 and 42 are connected in parallel respectively with the 
5 IGBTs 11,21,31 and 42, 

[0392] The gate electrodes of the IGBTs 1 1 and 12, the IGBTs 21 and 22, the IGBTs 
31 and 32, and the IGBTs 41 and 42 receive a control signal from a control circuit CC 
respectively through flip-flop circuits FFl, FF2, FF3 and FF4. 

[0393] For example, the flip-flop circuit FFl is a structure that alternately turns on the 
10 IGBTs 1 1 and 12, and FIG. 32 shows an example of its timing chart. 

[0394] As shown in FIG. 32, the IGBTs 11 and 12 are switched altemately such that 
the IGBT 1 1 turns on in the first period, the IGBT 12 turns on in the next period, and so 
on. The other sels of IGBTs are controlled in the same way, so that the switching 
frequency of each semiconductor element can be halved to halve the switching 
15 dissipation, 

[0395] When semiconductor elements parallel-connected in this way are turned on not 
altemately but simultaneously each time, it is necessary to consider how to divide current. 
If the dividing of current fails and excessive current flows to one element, then the 
semiconductor element may be damaged. However, altemately turning on 

20 semiconductor elements as shown in FIG. 32 avoids the problem of dividing current. 
[0396] <14. Applications to Apparatuses Other Than Ozordzers> 

The present invention has been described chiefly about applications to 
ozonizers. Recent ozonizers of a most common type use air or oxygen as material, have 
gap intervals of 0,6 mm or less, and operate at atmospheric or higher gas pressures. 

25 Such ozonizers are suitable discharging loads for the present invention because they 
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require high applied voltage, discharge maintaining voltages of kV-class, frequencies of 
lcHZ"Class or higher, and serve as capacitive loads. 

[0397] However, as mentioned at the beginning, the present invention is applicable to 
any capacitive discharging loads, such as a device called a flat-plate light source which 
5 includes two glass plates and a discharge gas such as xenon filling the gap between the 
glass plates, and in which an alternating voltage is applied from both sides of the 
discharge gap and light emitted from fluorescent material applied inside is taken out in a 
plane* The present invention is applicable also to PDPs (Plasma Display Panels) using 
the dielectric barrier discharge, laser oscillators, and so on. 
10 [0398] While the invention has been described in detail, the foregoing description is in 
all aspects illustrative and not restrictive* It is understood that numerous other 
modifications and variations can be devised without departing from the scope of the 
invention. 



